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TO: ROCKET DEVELOPERS 


FREE TECHNICAL LITERATURE ON( NITROGEN TETROXIDE 


SUBJECT: 


If you would like to know more about nitrogen tetroxide, you 
will want these introductory reports on this promising new 
9 liquid oxidizer. 


TETROXIDE AS AN OXIDIZER FOR ROCKETS 


This paper describes the results of using nitrogen tetroxide 
as an oxidizer for hydrocarbons. The superiority of nitrogen 
tetroxide to hydrogen peroxide, red and white fuming nitric 
acid and mixed acids, and many other characteristics are 
explained. 


Q) CHEMICAL AND PHYSICAL PROPERTIES OF NITROGEN TETROXIDE 


: This booklet describes chemical and physical properties and 
the handling of nitrogen tetroxide. Some of the important 
ghemical reactions discussed ares: addition to olefins, 
- nitrations, oxidations and reactions with sulphuric and 
hydrochloric acids. 
. 


CG) NITROGEN TETROXIDE SAFETY MEASURES 


This booklet gives permissible concentrations, analytical 
methods and procedures for unloading and safe handling. 
Shipping containers are illustrated and described. 


We will be glad to send you any of the above reports without 
obligation. Also, if you need special thermodynamic and a 
thermochemical data or commercial quantities of nitrogen 
7 tetroxide, send your inquiry to: 


Product Development Department 


THE SOLVAY PROCESS DIVISION 
Allied Chemical & Dye Corporation 


Representative Solvay Nitrogen Products: ANHYDROUS AMMONIA + AMMONIUM 
NITRATE SODIUMNITRATE NITROGENSOLUTIONS NITROSYL CHLORIDE METHANOL 
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Equipment for Use with High-Strength Hydrogen Peroxide 


By NOAH S. DAVIS, JR.,! and JOHN H. KEEFE, JR.’ —_ 
Buffalo Electro-Chemical Company, Inc., Buffalo, N. Y. 


A search was made for the most satisfactory equipment 


for handling concentrated H,O, in storage and propellant 
systems. The results of compatibility tests on various 
materials, including metals, plastics and lubricants are 
presented. General equipment design considerations and 
methods of preparing the equipment for H.O, service are 
outlined. Examples of the following equipment are 
presented and discussed: Pumps, containers, piping, 


flexible hose, valves, and reactors. 


La 


I Introduction 


IGH-strength hydrogen peroxide is today in wide 
use as a monopropellant and as an oxidant in bi- 
propellant rocket systems. In World War II the Ger- 
mans developed numerous military applications for high 
strength HO, such as the Messerschmitt ME 163-B 
rocket fighter, the Focke-Wolff ATO FW 56, and the 
Henkel He 112 and He 126 rocket motors.* Since the 
end of the war there have been continuing develop- 
ments, both in America and abroad, in the utilization of 
hydrogen peroxide. Most of these developments have 
been military and of necessity are under security classi- 
fication. However, out of these developments have 
emerged several considerations which form the basis 
for the sound design of equipment for handling H2Ox. 
In this paper these design concepts will be discussed 
and examples will be given of items of equipment 
embodying these principles. 

The physical properties of high strength H.O. and 
its performance as a rocket propellant were discussed 
in a paper presented by R. Bloom, N.S. Davis, Jr., and 
S. D. Levine at the December 1949 meeting of the 
American Rocket Society (2).4 
Presented before the AMERICAN Rocker Society at Toronto, 
Canada, on June 11, 1951. 

1 Manager, Special Projects Department. 

2 Project Supervisor. 

’In this country, Lt. Col. F. Bellinger and associates, of the 
Chemical Warfare Service, carried out numerous experiments 
(1)* using hydrogen peroxide as a propellant. In this work, 
many of the materials of construction were evaluated. 
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IL General Considerations in Selecting 
Equipment for Service 
july 


A Material Selection 


The first and most important consideration in choos- 
ing or designing equipment for H.O, service is that of 
materials selection. It is essential that all parts of the 
apparatus which will be exposed to the H.O2. be made 
of sufficiently compatible materials. Extensive tests 
have been made to determine which materials should 
be used. 
certain material was based on the following factors: 

1 The effect of the material on the rate of decom- 
position of the H.O.—numerous metals, such as lead 
and metallic oxides, or salts, such as lead oxides used 
in pipe dopes, are effective catalysts for the decomposi- 
tion of H.O.. Their use is dangerous and must be 
avoided. 

2 The effect of the H.O, on the materials—certain 
materials such as thiokol rubber burn on contact with 
H.O2, and others such as the 400 series stainless steels 
rust. 

3 The possibility of forming detonable mixtures 
with H.O.—combustible liquids such as ethyl alcohol 
form mixtures with high strength H.O. which have the 
sensitivity and bursting power of nitroglycerine. 

Laboratory tests were made to determine the effect 
of the peroxide on the sample and the effect of the sam- 
ple on the peroxide. In these tests, strips of the mate- 
rial were immersed in 90 per cent H,O, for a set time at a 
controlled temperature. The rate of decomposition of 
the solution was measured to show the effect of the 
sample on the H,O.. The sample was observed after 
exposure to the H.O. to show the effect of the H,0, 
on the sample. The impact sensitivity of HO: con- 
taining mixtures was determined in a modified Bureau 
of Mines drop weight tester. 

In deciding which materials should be used for a 
particular item of equipment, the end use of the item 
must be a dominant factor. For example, a long-time 
storage tank should be made of highly compatible 

material, whereas a valve in a one-shot rocket could be 


* Numbers in parentheses refer to Bibliography on page 69. iin ade of less compatible material. Materials have been 
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divided into four general classifications depending on 

their end use.’ In Table I are shown the results from 

tests on some of the materials which were evaluated. 

Class 1: Materials which are highly compatible 
and can be used for long-time contact with H,Os». 
Irrespective of length of contact, these materials will 
~ not contaminate the H,O.. Typical use for a material 

of this class would be for the construction of long-time 
storage containers such as tanks, tank cars, or drums. 

Pure 99.6 per cent aluminum and Teflon are examples 
of this class of materials. 

Class 2: Materials which are satisfactory for re- 
peated short-time contract with high strength H»Os. 
These materials can be used for transient contact with 
the solution prior to storage of the HO, or for limited 
contact of the H,O. prior to prompt use. Such limited 
contact time should not exceed 4 hours at 160 F or 

1 week at 70 F. Typical uses for materials of this 

class would be as valves or pumps in a peroxide transfer 
_ line, or as high-pressure storage tanks. The following 

materials typify those satisfactory for Class 2 service: 

Aluminum alloys 43, 52S, 61S, the AISI type 300-series 

stainless steels, and certain polyvinylchloride plastics 

such as Vinylite or Koroseal. 

Class 3: Materials which should be used only for 

short time contact with HO, prior to prompt use of 
the H,0.. These materials can be used for repeated 
~ contact with H,O2, but no one period should exceed 
1 minute at 160 F or 1 hour at 70 F prior to immediate 
use. These materials might cause sufficient contamina- 
tion of the solution to render it unsuitable for storage. 
- Some of the materials in this class are Hastelloy B and 
—C, Refractalloy 26 and 70, and Universal Cyclops 
~19-9DL. A typical use for materials of this class 
would be as a valve in a one-shot HO, propulsive unit. 
Class 4: Materials which are not recommended 
_ for any use with high strength H.O.. They are mate- 
rials which cause immediate excessive decomposition 
of the are rapidly attacked by the or form 
explosive mixtures with the H.O.. Typical examples 
of this type of material are copper, lead, 400-series 
stainless steels and numerous other alloys, plastics, 
_ and lubricants, including the silicones. 

The chemical composition of a material is not the 
sole determining factor as to whether it is compatible 
with H,O.. The liquid phase decomposition of 
- apparently, is predominantly a heterogeneous reaction 
and is, therefore, markedly affected by the nature of the 
_ surface exposed to the H.O.. In general, the smoother 
_ the surface the less will be the rate of HO. decom- 
- position. Type 300-series stainless steels in the wrought 
_ form or with a machined surface are relatively compati- 
_ ble. The same metal alloys when used with a rough 
_ east surface are not compatible. They cause excessive 

- decomposition of the H-O.. At the same time, the 
_ stability of the solution is decreased because chro- 


_ § This method of approach differs from that used by Lt. Col. 
Bellinger, in which analytical results were reported and the 
_ reader was required to decide whether the material was suitable 


for a given use. 
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ae MENDED USE WITH 90 PER CENT H,0. 


CLASSIFICATION OF MATERIALS ACCORDING TO RECOM- 


TABLE I. 


Class 2: 
Short Class 3: 
time Short 
Class 1: contact time 
Long prior contact Class 4: 
time tostor- prior Unsuit- 
Material contact age touse able 
Metals: 
Aluminum—99.6% pure x xX Xx 
2S Alloy xX xX X 
43 
568 X 4 
x x 
150S Xx xX 
248 
13 
405 x 
Copper xX 
Iron or carbon steel b.4 
Stainless steel AISI type 
303 a X x 
304 xX X 
309 xX xX 
310 x xX 
316 xX 
317 xX x 
318 X xX 
321 x xX 
322 
347 xX X 
440 X 
443 xX 
Durimet 20 Xx 
Hastelloy B and C nee 
Refractalloy 26 and 27 X 
Stellite No. 6 x 
Universal Cyclops 19-9DL xX 
Plastics: 
Polyethylene xX X 
Teflon X xX xX 
Kel-F X xX 
Buna & N x 
Geon 8372 xX 
Hycar x 
Koroseal X x 
xX 
Thiokol xX 
Trithene X xX X 
Vinylite x X 
Veloform x xX 
Lubricants: 
Aroclors 
Fluorolubes x X 
Kel-Flo Polymers xX xX 
Paraffin 
Perfluorolube Oils xX X 
RPM Hydraulic Fluid xX 
Silicones x 
Ucon Hydrolube U-4 ».« 
Halocarbon Oils X xX x 


Norte: This table is not complete. For additional recommen- 
dations, see Reference (3). 
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mium is readily leached from the cast surface. 

Certain surface treatments such as electropolishing 
improve the compatibility of “‘poor,” that is, relatively 
incompatible alloys by smoothing the surface. Other 
surface treatments, such as nitriding to improve hard- 
ness, render otherwise compatible stainless steels in- 
compatible. 

Approximately thirty plastic or protective coatings 
were tested with 90 per cent H.O,. Of these, the com- 
pletely halogenated polyethylenes, Teflon and Kel-F, 
were found to withstand the action of H.O. up to tem- 
peratures of approximately 160 F, and polyethylene to 
120 F. 

In general, platings, such as tin plate, strip off 
when exposed to 90 per cent H.O.. Apparently, the 
H.O, seeps through pinholes in the plate or under the 
edge. Once the HO, contacts the undersurface it 
decomposes, liberating oxygen gas 400 times the liquid 
volume. The gas forms a blister which eventually 
breaks and allows more H.O, to contact the undersur- 
face. 

As a general rule, only those materials and surface 
treatments should be used which have been found to 
be compatible with 


B Design Considerations 


Having decided on the proper materials to be used 
in fabricating a certain piece of equipment, the next 
consideration should be given to various design prac- 
tices. In general, the same principles of design apply 
to equipment for H,O, as are customarily practiced 
for other equipment. That is, the thickness of the 
walls should be based on pressure requirements, the 
shape of the port opening in throttle valves should 
be calculated to give the desired flow characteristics, 
and good welding techniques should be practiced. In 
addition to these, the following specific points should 
be remembered for the design of equipment for H.O, 
service. 

1 There should be no places in the equipment 
where peroxide can be trapped. HO, solutions will 
constantly decompose at a slow but steady rate, and if 
completely confined, the resulting gas will eventually 
build up sufficient pressure to cause rupture. A plug 
is an example of a design where the peroxide can be en- 
trapped. When the valve is in an open position, per- 
oxide will fill the hole in the plug and will be trapped 
within the plug when the valve is closed. On the other 
hand, a globe valve is better suited for peroxide service 
because, in general, there are no points where peroxide 
will be trapped. 

2 The valve, pump, or other pieces of equipment 
should be designed so that it can be completely drained 
on shutdown. This is desirable so that when not in 
use the system will contain no stagnant pools of per- 
oxide. 

3 Dead ends should be avoided. By dead ends are 
meant those places which could be filled with HO, 
without permitting adequate recirculation of the fluid. 
An example of this is a typical Bourdon tube pressure 
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gage. The disadvantage of having a dead end in a 
piece of apparatus is that there is a possibility that 
small impurities will be swept into the dead end and 
there accumulate until extensive decomposition of the 
results. 

4 The restriction as to the types of material which 
can be used with high strength H.O. can sometimes 
give rise to difficulties due to galling of mating metal 
parts having the same relative hardness. AISI Type 
300 series stainless steels and soft aluminum alloys are 
especially bad in this respect. Therefore, precautions 
should be taken to keep to a minimum those parts 
requiring the use of mating 300 series stainless steel or 
aluminum threads. Ample clearance between the 
threads should be provided as in a Class 1 fit and a 
gasket used for sealing. In addition, the threads 
should be coated with a compound to prevent seizing 
or galling. Most, if not all, of the usual antiseizing 
compounds are not compatible with H.O.. However, 
tests have indicated that the polyethylene cement, 
Dispersite 1822-A, made by the Naugatuck Chemical 
Company, is satisfactory for this use. After about 
one month’s contact with 90 per cent H.O., the Dis- 
persite will become soft and tacky. For equipment 
to be used in indefinitely long contact with H.O:, the 
threads should be coated with polyethylene. This 
can be done by applying granulated or rod polyethyl- 
ene to the male threads which have been heated to 
about 150 F. The coated part should then be quenched 
in cold water and screwed into the female part. 

5 Dissimilar metals in contact in the presence of 
90 per cent H.O: show a slight tendency for electrolytic 
corrosion. It is interesting to note that the more con- 
centrated the solution the less is the galvanic action. 
However, even with 90 per cent H.Os, it is good prac- 
tice to avoid, where possible, the contacting of dissimilar 
metals. This can sometimes be done by insulating one 
metal from the other by a plastic. If two dissimilar 
metals must be in contact, the anodic of the two should 
have a larger surface than the cathodic. 

6 In using welds to join two sections of a piece of 
equipment, care should be taken to avoid weld splatter 
on the inside of the equipment. It is best practice 
to do the welding by filling from the outside and using 
a backing ring made out of compatible material, or 
other method to keep to a minimum the weld exposed 
to the H.O,. Stainless steel weld material which is 
exposed to H.O2 should be machined smooth. 


C Preparation of Equipment for Service . 


Prior to placing a piece of equipment in H,Q, service, 
the parts should be cleaned and properly prepared. 
Plastics, in general, can be prepared by scrubbing them 
with a synthetic soap solution. Aluminum and 


aluminum alloys should be degreased by scrubbing them 
with a detergent solution, then treated with a dilute 
solution of sodium hydroxide and then with sulphuric 
or phosphoric acid and finally rinsed with distilled 
water. 
sivated with nitric acid solution. 


Stainless steel should be degreased and pas- 
It is good practice 
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FIG. 2 PORTABLE CENTRIFUGAL PUMP 


FIG. 3. DURIRON CENTRIFUGAL PUMP 


FIG. 4 


1/9-IN. STAINLESS STEEL CHECK VALVES 


to pretest with diluted HO, all items of equipment 
prior to placing them in service. 


III Examples of Equipment 


In the accompanying illustrations, various items of 
equipment are shown which illustrate some of the de- 
sign concepts which have been discussed. 

Fig. 1 shows a LaBour, cast aluminum-alloy 43 
centrifugal pump which has a capacity of 35 gpm at a 
70-foot head. This pump is equipped with a suction 
chamber and de-aerating chamber so as to be self- 
priming. Hydrogen peroxide solutions always con- 
tain a certain amount of dissolved oxygen which can 
sometimes vapor-bind a nonself-priming pump. La- 
Bour pumps have been used extensively in peroxide 
service and have shown uniformly satisfactory per- 
formance. 

Fig. 2 shows a small cast aluminum-alloy 43 centrif- 
ugal pump made by the Portable Pump Company. 
This pump has a capacity of 5 gpm at a 12-ft head. 
It also is self-priming. Braided Teflon is used for 
packing. This pump has an open impellor. 

A third pump which has been used satisfactorily 
in handling 90 per cent H.O, is the Duriron Company’s 
Dureopump, Fig. 3. This pump has a capacity of 
35 gpm at a 34-ft head. It is not self-priming. In 
use, it was found necessary to add a suction chamber to 
avoid loss of prime on start-up. 

The Durcopump is equipped with a Teflon Duraseal. 
The seal is a Teflon bushing which is forced against 
the wear surface by the follower to prevent leakage 
along the shaft. At the same time, the conical end of 
the follower spreads the feather edge of the Teflon bush- 
ing to form a seal against the wall of the packing hous- 
ing. One of these seals gave satisfactory service for a 
six-month period. 

Other types of suitable pump and valve packings 
are: rings of braided Teflon packing impregnated with 
Fluorolube grease (Fluorolube is one of the completely 
halogenated hydrocarbons which is satisfactory as a 
lubricant in H.O, service), shredded Teflon, and molded 
Teflon packings. A procedure (4) which DuPont 
developed for packing a valve with Teflon is to impreg- 
nate the metal parts with a fluorinated hydrocarbon. 
This can be done by thoroughly degreasing the metal, 
applying the fluorinated compound, inserting the pack- 
ing, and then warming the entire valve to about 100 C. 
The fluorinated compound is adsorbed by the metal 
to produce a lubricated surface. It also is partially 
absorbed by and plasticizes the Teflon. 

Tank farms and railway tank cars for the storage 
and shipment of hydrogen peroxide are made of pure 
99.6 per cent aluminum, Heliarc-welded with pure 
aluminum rod. In large 25,000-gal capacity tanks, 
H.0. has been stored with no detectable loss in con- 
centration over a one-year period. Aboard missiles, 
H,0. can be stored in fuel cells made of flexible 
plastics. The solution can be expelled from the con- 
tainer by applying outside pressure to collapse the 
cell. One of the plastics used was Vinylite VU 1930, 
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a polyvinyl chloride-polyvinyl acetate plastic. This 
plastic material turns an opaque white after approxi- 
mately one week’s exposure to 90 per cent H.Os. 
After one or two months’ exposure, the plastic is swollen 
and distorted and its tensile strength appreciably re- 
duced. Hydrogen peroxide solutions which have been 
stored in polyvinyl chloride plastics pick up chloride 
ions and can corrode aluminum parts. For these 
reasons, polyvinyl chloride containers or gaskets are 
not ideal for long-time contact with H,O.. Polyethyl- 
ene does not have these disadvantages. Polyethylene 
suffers no apparent change in physical properties even 
after long-time exposure to HO». The rate of decom- 
position of the peroxide is as low as when pure aluminum 
is used. Other storage vessels have been used satis- 
factorily with 90 per cent H.O:, including several Type 
347 stainless-steel tanks for the high-pressure short- 
time storage of H,Q2 prior to immediate use. For an 
airborne, high-pressure, short-time storage tank, alumi- 
num alloy 61S-T6 should be considered. 

Figs. 4 to 10 show several valves, some of which are 
stock items while others are special valves especially 
developed for service. Two spring-loaded !/,-in. 
check valves are shown in Fig. 4. At the left, is a Jet 
Specialties valve with a Teflon plastic pintle; that at 
the right was made by the Kohler Co. and has a metal- 
to-metal seat. Both valves are manufacturers’ stock 
items. 

A 2-in. packless bellows valve, Fig. 5, was custom 
built for H,O. service by the Fulton Sylphon Division 
of Robertshaw Fulton Controls Co. This valve has a 
confined Teflon disk which seats against stainless steel. 
It should be noted that all of the interior welds have 
been ground smooth. The bellows and all metal parts 
are of Type 347 stainless steel. 

Fig. 6 shows a 300-series stainless steel valve especially 
designed for handling 90 per cent H.O2. This was 
made by the Marotta Engineering Co. and is a 2-in. 
remote-control manual override valve. It is equipped 
with three seals so that a noncompatible hydraulic 
oil may be safely used as the actuating fluid. A seal 
at the top prevents leakage of the oil down the shaft; 
a seal near the bottom prevents leakage of the H,O. 


FIG, 6 MAROTTA 2-IN. HYDRAULICALLY OPERATED VALVE FIG.  f HAMMEL-DAHL I-IN. THROTTLE VALVE 
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FIG. 5 FULTON SYLPHON 2-IN. PACKLESS WYE VALVE 


up the shaft. The lower weep hole is provided to drain 
off H,O, just in case the seal does leak. An upper weep 
hole, not shown in the photograph, drains off oil leak- 
age. A third seal located between the two vent holes 
effectively separates the two leak-off reservoirs to eli- 
minate any possiblity of the two fluids coming in contact 
to form a detonable mixture. 

In general, large valves of sizes greater than 1 in. 
should have flanged connections. Threaded connec- 
tions may be satisfactory for smaller valves provided 
that a compatible pipe dope is used. As cited previ- 
ously, polyethylene or Dispersite 1822-A are satis- 
factory for sealing threaded connections. 

Fig. 7 shows a 1-in. Hammel-Dahl throttle valve. 
The wet end was machined from a solid 347 stainless 
steel forging. It has a parabolic plug for flow charac- 
teristics and a Teflon ring for tight shut-off. 
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/o-IN. SAFETY RELIEF VALVE 


Fig. 8 shows an Asco combination I 
valve. This valve is normally closed. When the 
solenoid is tripped, it opens an air valve to supply 90 
psig pneumatic pressure to open the HO. valve. 
When the current to the solenoid is interrupted, or 
the air pressure fails, the HO. valve closes. The 
H,0, valve is suitable for 1000 psig service. 

Fig. 9 shows a Farris '/2-in. safety relief valve. It 
is necessary to use a bursting disk or safety relief valve 
in any system where H.O. might inadvertently be 
completely confined. 

Fig. 10 shows two '/:-in. Aloyco needle valves of 
forged 300-series stainless steel and with Teflon seats. 
A plastic-to-metal seat is desirable, especially in needle 
valves. Metal-to-metal seats of 300-series stainless 
steel are subject to galling. The valve at the left is 
equipped with an outside yoke for actuating the stem. 
This construction is superior to that of the valve on 
the right because the bushing then does not contact 
the H,O, and can be made of a noncompatible material, 
such as bronze, so as to eliminate galling. 

Three methods for making connections in a peroxide 
line are shown in Fig. 11. At the left is a V-type clamp 
with Teflon gasket manufactured by the George Dahl 
Co. In the center is a standard ASA large tongue-and- 


groove flange with a confined Teflon gasket and at the | 


FIG. 10 ALOYCO !/2-IN. STAINLESS STEEL NEEDLE VALVES 


right a Parker Triple Lok flared tube fitting. None of 
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the three plastics, polyethylene, Teflon, or Kel-F, 
which have been found satisfactory for gasketing in 
HO, service is elastomeric. Therefore, they must all 
be completely confined to prevent cold flow. 

Fig. 12 shows a polyethylene-lined stainless-steel 
braided hose manufactured by the Jet Specialties Co. 
Kel-F lined hoses are also satisfactory for H2O:2 service, 
but are more expensive. A spray coating of polyethy- 
lene on a mild steel test cup has withstood the action 
of H,O, at room temperature. At a temperature of 
about 120 F, the polyethylene apparently permits the 
diffusion of When the reaches the under- 
surface, it decomposes and forms blisters which destroy 
the coating. Teflon-coated and Kel-F coated cups are 
satisfactory for long-time exposure to high strength 
H.O, at temperatures up to 160 F. 

A Princo Densitrol has been used to automatically 
measure and record the concentration of H,O2 solu- 
tions. The density of the solution, and hence its con- 
centration, is determined by electromagnetically measur- 
ing the position of a plummet submerged in the solution 
flowing through a sampling chamber. This instru- 
ment is compensated for temperature variations. 

Four types of chromel-alumel thermocouples with 
stainless-steel protective tubes have been used. Two 
of these are of 300-series stainless steel and are suitable 
for use with liquid H,O., while two are for use with 
decomposition gases in a reactor. One unit, made by the 
Thermo-Electrie Co., has a pronged outlet with a con- 
necting plug to facilitate installation. A small couple, 
made by the Revere Corp., may be screwed into a 
“Tee” tube fitting. For use with gases at high tem- 
peratures and pressures, the thermocouple should be 
sealed to prevent blowout of the element in case the 
metal shield is melted. In one, made by Lewis Engi- 


neering Co., the sealing is accomplished by crimping 
the metal tube, while the Revere unit is sealed by means 
of a packing nut. 

A typical reactor for an H,O, propellant system con- 
sists of a unit in which H,O, liquid is introduced 
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through a nozzle at the top and decomposed by the cata- 
lyst to form live steam and oxygen. For a monopro- 
pellant system, the decomposition products would 
be exhausted through a reaction nozzle or led to im- 
pinge against a turbine blade. For a_bipropellant 
system, the decomposition products would be used to 
burn a combustible such as kerosene or ethyl alcohol 
and the combustion products then exhausted through 
a jet or led to a turbine. 


IV Conclusion 


High-strength peroxide can be handled with ease 
and safety, provided attention is paid to a few simple 
precautions. Considerable advances have been made 
in the design of equipment ideally suited for such 
service. There are available today numerous stock 
items for the storage, transportation, and use of con- 
centrated hydrogen peroxide. 


FIG. ll PIPE AND TUBE CONNECTIONS 
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Calculation of Adiabatic Decomposition Temperatures of 
Aqueous Hydrogen Peroxide 


7 By G. C. WILLIAMS! and C. N. SATTERFIELD? 
Massachusetts Institute of Technology, Cambridge, Mass. 


and H. S. ISBLN’ 


University of Minnesota, Minneapolis, Minn. 


7 The temperature and states attained on the fractional tions (containing about 80 weight per cent or more, 
adiabatic decomposition of aqueous hydrogen peroxide hydrogen peroxide) could be safely manufactured and 
handled, and stored with an -acee tably low rate of 
_ thermodynamic data. The technique of calculation is de- 7 
_ seribed and graphical presentations are given of the tem- decomposition. == 7 
_ perature, and liquid and vapor compositions as a function For the reaction is - 
_ of the fraction of hydrogen peroxide decomposed for several 
initial solution concentrations and at several pressures. H:0.(1) H,O(1) + 1/209), = —23,470 cal/g mole 


the heat of decomposition is sufficient under adiabatic 
conditions to vaporize all the water initially present 
plus that formed by the decomposition, if the initial 
hydrogen peroxide concentration is greater than about 
68 weight per cent. For example, the complete de- 
composition in a steady-flow process at 515 psia of 83 


Nomenclature 


= fraction of initial H,O. decomposed 
= gas phase 

= enthalpy of superheated steam, Btu per Ib 
= enthalpy of saturated water, Btu per lb 


= enthalpy. H, for enthalpy of 1 g mole H.0.(g) per cent hydrogen peroxide yields a superheated steam- 
above 20 C, calories; H; for enthalpy of '/2 oxygen mixture at 575 C which is capable of generating 
g mole O: above 20 C, calories slightly over 0.1 hp-hr per lb of original 83 per cent solu- 


= enthalpy change associated with vaporization, 
decomposition, solution, or pressure change 
= integral heat of solution, calories per g mole 


tion if the decomposition products are expanded to one 
atmosphere through a reversible work-producing de- 


H.0.(1) (see definition in text) vice. A more effective use of the products of decom- 
_ (H° — H,) = enthalpy, above 0 K, of hydrogen peroxide in position is to employ the oxygen to burn a fuel. Dur- 
the ideal gaseous state ing World War II hydrogen peroxide solutions of about 


= liquid phase 
= moles H:0 per mole H.O: 
= gas pressure 


80 to 85 per cent were utilized in Germany as a source 
of power for many weapons. For example, it was used 


my Pw = vapor pressure above pure HO. and H.0O, as a monopropellant to drive the fuel pumps of the 
respectively, psia ; \-2 rocket, and in the launching units for the V-1 
= vapor pressure above HO: solution, psia bomb; and as an oxygen carrier for a fuel in rocket- 


= partial pressure of and H,Os, respcetively, 
psia 

= heat of dilution, calories per g mole HO: (see 
definition in text) 

= gas constant 

= temperature, degrees Kelvin 

= temperature, degrees Centigrade 

adiabatic decomposition temperature, Centigrade 


propelled aircraft and the propulsion systems of sub- 
marines and torpedoes. These have been described 
elsewhere (1, 2, 3).* 

In most of the uses the hydrogen peroxide is cata- 
lytically decomposed—a process which is extremely 
complex chemically. Starting with a liquid feed at 
ambient temperatures, decomposition reactions take 


= volume of gas per mole 
= weight per cent H.O; in initial solution place in the liquid and/or vapor phases and over a wide 
= mole fraction of H,0 in H,0; solution = temperature range. The physical equilibrium states 
= total pressure, per in., absolute (pein) and temperature attained by hydrogen peroxide solu- 
a tions undergoing fractional adiabatic decomposition at 
HE use of hydrogen peroxide solutions as a source constant pressure have been calculated to aid in the 
A of power, either alone or as an oxygen carrier to study of the decomposition mechanisms, and to assist 
- support combustion of a fuel, has become possible dur- in an understanding of the application of hydrogen 
_ ing the past 15 years by advances in the technology of peroxide decomposition as a source of power in jet or 
= _ production to the point that high strength aqueous solu- other types of engines. This paper describes a method 
7 - for making such calculations and presents some re- 
Received December 15, 1951. = sults of interest. 
1 Associate Professor of Chemical Engineering. 


2 Assistant Professor of Chemical Engineering. 3 Numbers in parentheses refer to References on page 77 
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Thermal and Equilibrium Data 


The following data are required: (a) Integral heats 
of solution; (6) heat of decomposition of pure H,O.(I); 
(c) vapor-liquid equilibria for the system H,O,.-H.0O; 
(d) vapor pressure data for the system H,O.-H,0; (e) 
enthalpies of H,O.(g and 1), O2(g), and H:O(g and I) as 
a function of temperature and pressure. 

The heat of decomposition and the integral heats of 
solution were obtained from a set of heat of dilution 
data recommended by Mickley (4). Mickley’s evalu- 
ation was based primarily on the unpublished heat of 
dilution data of H. L. Pike and H. Green, and was 
made prior to the more recent data of Kubaschewski 
and Weber (5) on partial molal heats of solution of 
water in hydrogen peroxide. A comparison of the two 
sets of data on a comparable basis shows satisfactory 
agreement in the more concentrated solutions. Mick- 
ley’s evaluations have been used for the decomposition 
calculations here and his set of data is given in Table 1. 


TABLE 1 HEAT OF DILUTION AND HEAT OF DECOMPOSITION OF 
AQUEOUS HYDROGEN PEROXIDE SOLUTIONS 
Heat of dilution 
Weight to infinite Heat of 
per cent dilution, Q, decomposition,* 
H.0, cal/g mole H:O2 cal/g mole H,0, 
100 810° 23, 470° 
90 635 23,295 
80 23,145 
70 23,020 
60 22,920 
50 160 22,820 
40 22,740 
30 40 22,700 
20 25 22,685 
10 15 22,675 
22,660 


Heat evolved by the reaction: (H,O. + M H.0O)(l) 
(1 + M)H:0(1) + */:0:(9). Data are for 20 C and 1 atmosphere 
pressure. 

Extrapolated 
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tions are given in Table 2. 
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solution may be represented by the following symbolism. © 
Heat of dilution of 100 per cent hydrogen peroxide: 


H20.(1) + © H,O(1) © 
= 810 cal/g mole H:0,' 


For the dilution of a solution containing M moles of 
water per mole of hydrogen peroxide to infinite dilution, — 


H.O(1) + ©H,O(1) ~ © H2O(2), 
Q (heat of dilution) 


The difference between these equations represents the — 
integral heat of solution, (Q — 810), in calories per gram | 
mole of hydrogen peroxide. 


H,0.(1) + M H,O(1) ~ H,O(1), (810 — Q) 


Values of the integral heat of solution are plotted in 
Fig. 1. 

The thermodynamic properties of gaseous hydrogen 
peroxide have been estimated by Mickley (4) from 
available infrared spectrum data. Mickley’s tabula- 
(H° — H,) represents the 


‘TABLE 2. ENTHALPY OF HYDROGEN PEROXIDE VAPOR 
Ho 
Temp., °K RT 
291.16 4.078 
298.16 4.089 
400 4.244 
500 4.450 
600 4.676 
700 4.906 
800 5.129 
900 5.334 
1000 5.547 
1100 5.738 
1200 5.918 


4 Note that a positive value of Q means heat is liberated. 
ThusQ = —AdH. 


= 


enthalpy above 0 K of hydrogen peroxide in the ideal gas 
state. (Ho93 — H, = 2377 cal/g mole.) The sensible 
enthalpy of hydrogen peroxide vapor is presented in 
Fig. 2. 
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FIG, 2 ENTHALPY OF HYDROGEN PEROXIDE VAPOR AND OXYGEN 
Scatchard, Kavanagh, and Ticknor (6) have recently 
- measured the vapor pressure above aqueous hydrogen 
peroxide solutions as a function of composition and 
- temperature. These data represent a refinement over 
the earlier work of Giguére and Maass (7). From the 
- vapor pressure measurements alone, as a function of 
~ concentration, plus the vapor pressures of pure water 
and pure hydrogen peroxide, the molal volumes of the 
two pure liquids, and deviation of the two vapors from 
the perfectigas law, it is possible to calculate the change 
- with composition of the chemical potential (partial 
- molal free energy) and other thermodynamic proper- 
ties. [See, for example, Scatchard and Raymond (8). | 
- This method was used by Scatchard, Kavanagh, and 


Ticknor to develop thermodynamic equations for the 
hydrogen peroxide-water system for the temperature 
range of 0 to 150 C, from which vapor compositions may 
be computed. 

For the present calculations it was convenient to use 
their equations to construct a Diihring chart, shown in 
Fig. 3, in which straight line extrapolation to 300 C was 
made. This chart is a plot of the temperature at which 
a hydrogen peroxide solution has a given vapor pressure 
against the temperature at which pure water has the 
same vapor pressure (solid lines) and also a plot of the 
temperature at which a hydrogen peroxide solution has 
a given partial pressure of hydrogen peroxide against 
the temperature at which pure water has numerically 
the same vapor pressure (broken lines). As an example 
of the comparison of the use of the Diihring chart with 
the thermodynamic equations of the above authors, 
consider a hydrogen peroxide solution at 258.5 C con- 
taining a mole fraction of water equal to 0.49. From 
the Diihring chart, the partial pressure of hydrogen 
peroxide is equal to the vapor pressure above pure 
water at 164.2 C, which is found from the steam tables 
to be 100 psia. The corresponding value calculated 
from the equations of Scatchard, Kavanagh, and Tick- 
nor is 99 psia. 

The heat of vaporization of pure hydrogen peroxide 
as determined from the data of Scatchard, Kavanagh, 
and Ticknor is AH = 18,411 — 25.815T + 0.0210667°. 
At a temperature of 293.16 K, AH = 12,650 cal/g mole 

Enthalpies for molecular oxygen in the ideal gas 
state were obtained from Woolley’s evaluations (9) 


based upon recent values of the physical and spectro- 
scopic constants and are shown in Fig. 2. 


The Keenan and Keyes Steam Tables were used to 
obtain the enthalpies for water and steam. For some 
of the calculations involving decomposition of 100 per 
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FIG. 8 DUHRING CHART FOR HYDROGEN PEROXIDE-WATER SOLUTIONS 
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cent hydrogen peroxide, it was necessary to extrapolate 
slightly above the maximum temperature of 1600 F for 
which data are given in these tables. 


Methods of Calculation 


The calculation of the adiabatic decomposition tem- 
perature requires the use of an energy balance in which 
it is convenient to visualize the over-all process as 
consisting of the sum of a number of separate physical 
or chemical processes so chosen that the energy change 
associated with each may be readily evaluated. The 
schemes used for the calculations of the adiabatic de- 
composition temperature as a function of fractional de- 
composition of hydrogen peroxide, weight per cent hy- 
drogen peroxide in the initial solution, and pressure are 
illustrated in Fig. 4. The exothermic nature of the 
decomposition is such that for sufficiently concentrated 
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solutions all the products of decomposition, including 
the initial water content, are in the vapor state. This 
region is termed the Single-Phase Region. For the con- 
ditions under which insufficient heat is liberated to 
vaporize completely the remaining solution, the term 
Two-Phase Region is applied, and a different scheme 
of calculation is used. The methods of calculation for 
the two different schemes are summarized below for the 
vase of a liquid solution initially at 20 C. 

Several approximations are involved in the energy 
balances. Changes in enthalpy with pressure were 
neglected for the liquids and for the mixing of the gases. 
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Several methods of estimating the effect of pressure on 
enthalpy of gases are summarized in a separate follow- 
ing section. The applicability of Dalton’s Law was as- 
sumed. 


Single-Phase Region 


Basis: 1 gram mole of hydrogen peroxide in M gram 
moles of water at 20 C. Let f = fraction of hydrogen 
peroxide decomposed. Assume a trial value of t, = 
adiabatic decomposition temperature, C, corresponding 
tof. 

The solution of the energy balance is by successive 
approximations requiring evaluation of the following 
quantities: 


Step Enthalpy change, cal. 
1 Separate liquid and H,0 AH," 
2 Decompose f g moles of H,O, —23,470 f 
3 Vaporize (1 — f) g moles of 12,650(1 — f) a 
of 
Heat H,0.(g) to t;, °C (1 — f)H,’ 
5 Heat O.(g) to ty, °C 
6 Vaporize and heat (VV + f) (M +f) (h — 36.04)18/1.87 


g moles of to t;, °C 


“ AH, is the integral heat of solution. See Fig 1. 

> H, is the enthalpy of 1 g mole of H2O.(g) above 20 C. See 
Fig 2. 

° H; is the enthalpy of '/2 g mole of O.(g) above 20 C. See 
Fig. 2. 

“ The enthalpy h for superheated steam is found in the steam 
tables at the state corresponding to the partial pressure of the 
water and the final temperature. (It is necessary to convert 
from the steam table base of 32 F to the thermodynamic base 
used here of 20 C.) The partial pressure of the water is 


(r)(M +f) 
Paso 1 + M+ 


psia, 


where z represents the total pressure (psia) at which decom- 
position occurs. 

The assumed value of ¢; is correct if the following energy 
balance is satisfied : 


23,470f + AH, = (12,650) (1 — f) + (1 —f) + fH, + 
(M +f) (h — 36.04) (18/1.8) 


Two-Phase Region 


Basis: 1 gram mole of hydrogen peroxide in M gram — 
moles of water at 20 C. Let f = fraction of hydrogen — 
peroxide decomposed. Assume a trial value of t, =— 
adiabatic decomposition temperature, deg C, and 
(1 — x) = mole fraction of hydrogen peroxide in re- — 
maining liquid solution, corresponding to f. The solu- — 
tion for this case involves a double set of successive ap- _ 
proximations, for it is necessary to assume trial values 
for both the final temperature, ¢,, and the mole fraction | 
of the remaining solution (1 — x). A material balance ~ 
serves as a check on the mole fraction assumed and an— 
energy balance, for the temperature assumed. For any | 
given fractional decomposition, it is assumed that 
the vapor is in physical equilibrium with the remaining © 


liquid, and that Dalton’s Law is valid for the calcula- 
tion of the amounts of water and hydrogen peroxide _ 
evaporated. 
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_ Material and Energy Balances for Two-Phase Region 


1. Determine the vapor pressure above the liquid 
phase, Psoin, and the partial pressures of water, pu,o, and 
hydrogen peroxide, pu,o,, from the Dihring plot. 


2. Gram moles H.O evaporated = 
0.5f [pu.o/ (x Psoin) 

Gram moles H:O, evaporated = 
0.5f [pu.o,/(7 — Psoin) | 


3. Gram moles H,O remaining in solution = 
(M + f) — (g moles H,0 evap.) 
~~ Gram moles H.O, remaining in solution = _ 
y (1 — f) — (g moles H,Q, evap.) a 
— 0.5 — 
(1 —z)= (1 yf [Pu.o, (x Pso1 )] 


i+ M) = 0.5f [Psoin/ (x Psoin) | 


Calculations are repeated for a fixed trial value of t, 
until the selected value of (1 — x) checks. 

The steps involved in the energy balance are similar 
to the previous case, but several additional factors 
have to be taken into account. Allowance is made for 
the remixing of the unvaporized water and hydrogen 
peroxide. The specific heat of the solution is not known 
at elevated temperatures. As an approximation, the 
sensible enthalpy change of the remaining solution 
(heated from 20 C to ¢,) is taken to be the sum of the 
sensible enthalpy change for pure liquid water and for 
pure liquid hydrogen peroxide. The steam tables were 
used for the water term and a constant heat capacity 
was assumed for the peroxide term. More precise 
evaluations for the heat capacity of liquid hydrogen 
peroxide solutions (from the temperature dependence 
of heat of vaporization and sensible enthalpy of hy- 
drogen peroxide vapor) are not warranted. The as- 
sumption made, then, is that the integral heat of solu- 
tion does not have a strong temperature dependence. 
The double trial-and-error solution is satisfied if the 
material balance and the energy balance (system en- 
thalpy a = 0) are both satisfied. 


Separate liquid and H.O 
2 Decompose f g moles of 


6 Vaporize and heat fraction to t,, °C, px,o pein 


3  Vaporize fraction 


4 Heat H,0.(g) to ty, 


5 Heat 0.(g) to ty, °C 


7 Heat remaining H.O(l) to t;, °C 


8 Heat remaining H;0,(1) to ty, °C 


9 Mix remaining liquids 


74 


TABLE 3. ENTHALPY CHANGE FOR INCREASE IN PRESSURE FROM 
14.7 To 515 psta, aT 600 C. 


—— AH, cal/g mole mixture— 


76.5% 
(100% + 23.5% 100% 
Oz Oz 
1 Stockmayer method (10) 81 
ra 
2 AH = ——— | dP 116.5 —3 
14.7 LO(1/T’) jp 


ss BALANCE FOR TWO-PHASE REGION 


—AH, 


‘ 


* hy is the value in the steam tables corresponding to saturated liquid at t;. 
* The heat capacity of liquid HO, is taken to be 22.3 cal/(g mole) (°C). 


os 
— Psoln 


integrated from P-V-T7T data 
3 Generalized enthalpy- 142 
difference charts (11) 
4 Generalized enthalpy-differ- 

w ence charts, using mole 
fraction combination of 
critical constants 
5 Keenan and Keyes 

Tables 
6 Correction for enthalpy of | 
steam only, evaluated from 
steam tables at the partial 
pressure of steam (see 
‘Methods of Calculation’’) 
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Effect of Pressure 


The effect of pressure on the enthalpy of gaseous mix- 
tures of water, hydrogen peroxide, and oxygen has not 
been measured, but reasonable estimates of the effect can 
be made. Throughout the major range of the Single- 
Phase Region, the mole fraction of hydrogen peroxide 
in the gas phase is small and the effects of pressure and 
heat of mixing on the enthalpy of hydrogen peroxide 
vapor have been neglected. A comparison is made in 
Table 3 above of the results of several methods of cal- 
culation of the effect of pressure on the enthalpy of 
steam, oxygen, and mixtures of the two. Such calcu- 
lations were made for 100 per cent steam, 100 per cent 
oxygen, and a mixture of 76.5 per cent steam and 23.5 
per cent oxygen (decomposition products of 83 weight 
per cent solution) for a pressure change from 14.7 to 515 
psia, at 600 C. It is seen that the steam contributes the 
major effect and that the presence of oxygen in the 


Enthalpy change, cal 


—23,470f 


(12,650) (0.5f) ( ) 
— Psoln 


( (hk — 36.04) (18/1.8) 
— Psoln 


PH,O 


(hy — 36.04) (18/1.8)* 
— Psoln 


PH,0; 
— Psoln 
PH,02 


(22.3) (ty — 20) [a con ( 


AH, 


ha — f) — (.5f) ( 
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steam mixture reduces the deviation from ideality. a temperature of 300 C, the following equation “a 
With the method employed in this paper of correcting sents the results within 10 C. : 
only the steam at its corresponding partial pressure ty = —1984 + 490f + w(12 + 13/), 
(Method 6), a slightly lower calculated temperature 


where 
results than would be the case with the use of either _ 
of the other two methods. t; = adiabatic decomposition temperature in °C 


Since the heat capacity of the steam-oxygen mixture = 
w = concentration of initial solution, weight per cent hydro-— 


cited above is about 9 cal/g mole of mixture, it is seen gen peroxide 
that for this mixture a change in the pressure level of 
decomposition from 14.7 to 515 psia results in a final 
adiabatic decomposition temperature about 7 C higher, 


The effect of pressure in the single-phase region is 
relatively small, as indicated by Fig. 7. 


by the steam-table method of calculation used here. 

he final temperature is about 9 C higher by the Stock- Two-Phase Region 7 : - ; 
mayer method and about 11 C higher by the general- In the Two-Phase Region the range of adiabatic de- 


ized-chart method. It is thus seen that the calculated composition temperatures is less than that for the | 
results are not significantly affected by the method _ « 
used to estimate effect of pressure on gas enthalpy. —_ 
Results of Calculations 
Single-Phase Region 
Adiabatic decomposition temperatures at 515 psia 
for the Single-Phase Region are given in Fig. 5 and w 700 | 
Table 4. The range of temperature is from 272 to Fa 
1006° C, for initial solution concentrations of from - _ 
67.6 to 100 weight per cent hydrogen peroxide. Above o 
WwW 
500 
TABLE 4 CALCULATED ADIABATIC DECOMPOSITION TEMPERATURES z 
FOR SINGLE-PHASE REGION 400 
Solution initially at 20 C. Pressure = 515 psia 
Fraction 300 VA 
——Weight fraction in initial soln——_ 
decomposed 1.0 0.95 0.90 0.85 0.80 0.75 0.70 TWD PHASE) REGION 
° 200 
- Temperatures in | CHS 
00 1006 877 749 «9624 272 < 
919 793 672 317 <q '00 
830 703 «590 472 358 257 | | 
741 511 290 [ | | 


653-589 430 0.60 0.70 0.80 0.90 Loo 
«6661 344 
FRACTION H,O, DECOMPOSE 
467 326 261 ene 
372 270 FIG. 5 ADIABATIC DECOMPOSITION TEMPERATURES IN THE SINGLE- 
PHASE REGION AT A PRESSURE OF 515 PSIA 


1 


272 
TABLE 5 CALCULATED ADIABATIC DECOMPOSITION TEMPERA- = 
TURES FOR TWO-PHASE REGION = SINQ@LE-jPHAsE REGION 
Solution initially at 20 C. Pressure = 515 psia 
—Weight fraction in initial soln-~ z | 
decomposed 1.0 0.90 0.80 0.50 OMA | 
-———Temperatures in °C 5 | | | 
0.90 239 WBA 
0.70 251 242 | rT 
0.30 265 241 199 
" 0.20 237 197 170 ee FIG. 6 ADIABATIC DECOMPOSITION TEMPERATURES IN THE TWO- 
0.10 157 128 = 84 ee PHASE REGION AT A PRESSURE OF 515 PSIA 
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Single-Phase Region. For example, with a 70 weight 
per cent solution over a range of decomposition for 
f = 0.5 to 0.95, the temperature variation is less than 
—~=10C. Fig. 6 isa plot of the results calculated for a 
- decomposition pressure of 515 psia; corresponding 
values are given in Table 5. The effects of pressure are 
— illustrated for both 90 and 50 weight per cent solution 
in Figs. 7 and 8. At the lower pressures, the flatness 
of the temperature curve is accentuated. 

Another interesting aspect of the decomposition is 
- the relatively high hydrogen peroxide concentration in 
the liquid phase due to the high relative volatility of the 
water. As shown in Fig. 9 for an initial 90 weight per 
~ cent hydrogen peroxide solution (mole fraction 0.8266), 
the mole fraction in the liquid phase ranges from 0.6 to 
_ 0.5 over a range of decomposition from f = 0.3 to f = 
0.7, at 515 psia. Over the same range of decomposi- 


tion, the variation in the composition of hydrogen 
800 
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FIG. 7 EFFECT OF PRESSURE ON THE ADIABATIC DECOMPOSITION 

TEMPERATURE OF A ee INITIALLY 90 WEIGHT PER CENT 
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FIG. 8 EFFECT OF PRESSURE ON THE ADIABATIC DECOMPOSITION 
TEMPE SATURE OF A SOLUTION INTTIALLY 50 WEIGHT PER — 
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FRACTION H,O, DECOMPOSED 
FIG. 9 COMPOSITION VARIATION OF THE LIQUID PHASE ON ADIA- 
ss BATIC DECOMPOSITION AT A PRESSURE OF 515 PSIA 
- peroxide in the gas phase is less than 0.03 mole fraction. 
The composition of the gas phase at 515 psia is illus- 
trated in Fig. 10, for a solution initially 90 weight per 
cent in hydrogen peroxide. 


Enthalpy Distribution 


The enthalpy contributions of the products of de- 
composition at 515 psia are graphically represented in 
Fig. 11 for a solution initially 90 weight per cent hy- 
drogen peroxide. The integral heat of mixing the re- 
maining liquid hydrogen peroxide and water is in- 
cluded inasmuch as the sensible heats of the pure liquids 
have been computed separately. Representations of 
this type can be used to estimate the uncertainty in the 
final temperature for a given error in the primary data 
used for the calculations. Only for the initial frac- 
tional decomposition does the sensible heat of the 
liquid hydrogen peroxide represent a major term. The 
decomposition temperature in this region depends 
strongly on the evaluation of the sensible heat of the 
remaining liquid, which is probably known with less 
accuracy than any of the other data used. However, 
in and approaching the Single-Phase Region, the en- 
thalpy of the water vapor is a major factor and the 
calculated values become more reliable. 
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FIG. 10 COMPOSITION VARIATION OF THE GAS PHASE ON ADIABATIC 
DECOMPOSITION AT A PRESSURE OF 515 PSIA. SOLUTION INITIALLY 
90 WEIGHT PER CENT H202 
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Change of Initial States 


All calculations reported here have been made for 
peroxide solutions initially at 20 C. For the estima- 
tion of enthalpy differences due to changes in the initial 
temperature of the hydrogen peroxide solutions, the 
following heat capacities may be used: 


Heat capacity of solution, | 


Weight per cent cal/(g mole of H,O2) (°C) 


50 55 
60 44 
70 a 36 
80 31 
90 a 26.5 
100 22.3 
NOTES) REFERENCE TEMPERATURE 20 °¢ 
ENTHALPY OF LIQUID EQUALS 


ENTHALPIES OF He + any 


100 
zw 90 
zx ' 
z 3 | 
2 60 
° 
° 
u 70 + 
oa TWO PHASE SINGLE PHASE 
[REGION REGION 
z H, 
- so 7 
<a \ He (69) 
° 40 
a 
a z 
30 
YANN 
et 
° 4 
w 
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FRACTION H,0, DECOMPOSED 


FIG. 11 ENTHALPY DISTRIBUTION OF DECOMPOSITION PRODUCTS 
FROM A SOLUTION INITIALLY 90 WEIGHT PER CENT H202, AT A PRES- 
SURE OF 515 PSIA 


Over the major portion of the Single-Phase Region, 
heat capacities of the vapor range from about 13 to 18 
eal/(g mole of initial H.O.) (°C). Using the above 
values it is seen that changing the initial temperature of 
an 80 per cent solution 10 C, changes the decomposition 
temperature about 20 C. 
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A 3-in. chamber diameter, 1200-lb thrust rocket motor 
with a !/,-in. wide by 87'!/;.-in. long window was built and 
used for a photographic investigation of the rocket motor 
combustion process. A 35-mm General Radio continuous 
strip camera and a Fastax high-speed movie camera were 
the chief photographic tools used. Pictures are presented 
illustrating the ignition, preliminary, and full-stage se- 
quence of rocket motor combustion during both stable and 
unstable operation. The reactants used were ethyl alco- 
hol and liquid oxygen. J 


Introduction 


NGINEERS have been confronted with many 
EK new problems in the course of rocket motor de- 
velopment. These problems include fundamental 
questions such as the manner in which the combustion 
process proceeds, and the effect of different methods of 
fuel and oxidizer injection.’ Various complex un- 
steady phenomena, generally designated by the terms 
“combustion instability” or “rough” burning have been 
encountered at times. Their origin and elimination 
have been the source of much speculation. Hence, it 
was decided to “take a look inside” an actual rocket 
chamber operating under normal conditions. For this 
purpose a rocket motor with a long observation window 
was built to permit a photographic investigation of 
combustion. To date, this motor, which has a total 
reactant flow rate of 5 to 6 lb per sec and develops 
about 1200 lb of thrust, has been operated successfully 
with various injector heads for 47 separate test runs. 
The fuel-oxidizer combination used in all tests was 
ethyl-alcohol liquid oxygen. It is the purpose of this 
paper to present results from four of these runs, rep- 
resenting three different types of injector heads during 


both stable and unstable operation. 


The rocket motor body (Fig. 1) designed and built 
for this study has a 3-in. diam, 10-in. long cylindrical 
chamber, machined from a Trodaloy 1 (copper-beryl- 


Equipment 


Presented before the AMERICAN Rocket Society at its Annual 
Meeting, Atlantic City, N. J., on November 30, 1951. 

1 Research Engineer. Member ARS. 

2 Research Engineer. 

3See, for example: NACA Report RMES8FO1, ‘“Photo- 
graphic Study of Combustion in a Rocket Engine. I. Varia- 
tion in Combustion of Liquid Oxygen and Gasoline with Seven 
Methods of Propellant Injection,” by D. ® Bellman and pF Oe 
Humphrey, June 1948 (unclassified ). See 


Combustion Studies with a Rocket Motor Having a 
Full-Length Observation Window — 


By KURT BERMAN’ and STANLEY E. LOGAN? 


Malta Test Station, General Electric Company, Ballston Spa, N. Y. 


lium-cobalt-alloy) forging. A wall thickness of 2!/2 in. 
acts as a thermal capacitor, permitting uncooled test 
runs of about 10 see duration. The window is sup- 
ported by a !/,-in. thick shelf at the bottom of a °/s-in. 
wide window well. A slit '/, in. wide by 8?!/32 in. long 
extends toward the nozzle from a point even with the 
injector head face. The principal components of the 
window assembly are two polished quartz plates, each 


—1/, in. thick, separated by a '/2-in. spacer. Nitrogen 


gas is admitted to the space between these plates and 
flows around the inner one into the combustion cham- 
ber, thus protecting the quartz from hot gases. Flow 
to the window space is maintained constant at about 
0.1 Ib/see by feeding the nitrogen through a small sonic 
nozzle from a line pressure regulated to 820 psig. Thus 
the nitrogen flow into the motor represents roughly 2 
per cent of the total flow rate through the chamber. 


MOTOR BoDy 


WINDOW 


CAP PLATE ASSEMBLY 


FIG. 1 WINDOW MOTOR CHAMBER DISASSEMBLED 


FIG. 2. INJECTOR HEAD NO. 3 
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WINDOW SLIT 


CAMERA 
LENS 


FILM 
INJECTOR 
HEAD 


RELATIVE TO MOTOR 


FIG. 3. SCHEMATIC SKETCH OF FILM MOTION 
SLIT 


a 


TIMING MARKS 
n NOZZLE ENO 
OF SLIT 
RADIATING 
PARTICLE 
TRACE 


INJECTOR ENO 
OF SLIT 


MOTION OF FILM 


FIG. 4 SKETCH OF FILM TRACE OF PARTICLE MOVING ALONG THE 


SLIT AT CONSTANT VELOCITY 


Recesses are arranged for mounting normal develop- 
mental nozzles and injector heads. <A nozzle with a 
41-deg convergent 1.75-in. diam, 
and 15-deg divergent half angle was used for this series 
of experiments. Each injector head used has an in- 
jector plate consisting of a series of concentric rings con- 
taining drilled injector holes, alternate rings being for 
fuel and oxidizer. In a “nonimpinging” head (Fig. 2) 
the injector holes are drilled parallel to the rocket motor 
axis, while in an “impinging” head, pairs of liquid jets 
impinge on each other. Table 1 lists details of the 
modified impinging, conventional impinging, and non- 
impinging heads used in tests reported here. 

Although a 16-mm Fastax movie camera with speeds 
up to 8000 frames per sec was used in several tests, the 
most widely used photographic tool was a General 
Radio Company Type 651, 35-mm_ continuous-strip 
‘amera with a 2-in. focal length lens, operated at film 
speeds of 8 to 80 ft/sec. This camera has no shutter, 
the film being continuously in motion. Thus the rocket 
motor radiation is recorded without interruption. An 
externally excited spark gap provided 60 cps timing 
marks on the film edge. Four types of film were used: 
100-ft of 35-mm Eastman Kodak Company 
Super XX, Daylight Type Kodachrome, and Spectro- 
scopic film types 103-O and I-N. Super XX film was 
used for the tests reported here. As an aid in corre- 
lating events with photographs, the following were 
recorded on a multichannel oscillograph: (1) chamber 
pressure, (2) strip camera timing marks, (3) voltage 
pips obtained from energizing various solenoid valves in 
the reactant lines. 

The strip camera was mounted so that its field of 
view included the complete slit, and the direction of 
film motion was perpendicular to the longitudinal 
rocket motor axis. This is shown schematically in 


half-angle, throat 


rolls 
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— Fig. 3. To help clarify the interpretation of the film 


record obtained with this camera, consider, e.g., a 
radiating particle moving along the slit at constant 
velocity. It will trace a diagonal streak on the moving 
film, the slope of which (Fig. 4) is a function of the 
relative velocities of the radiating particle and film. 


Knowing the film speed from the distance between tim- — 


ing marks, and the magnification factor from the ratio 
of slit length to its corresponding image, it is possible 
to calculate particle velocity along the slit from the 
slope of the trace measured on the film. Assuming, 
e.g., that the film speed is 10 ft/sec, the magnification 
factor is 13.7 and the slope angle is 45 deg, the particle 
velocity becomes 

vyM tan a = 10 X 13.7 X 1 = 137 ft/see 


TAR aA = WA At 100 .. 


where 
v = particle velocity, ft/sec 
vy = film velocity, ft/sec 
M = magnification factor 
a = slope angle of the trace 


Procedure 


Ignition of the reactants was accomplished by means 
of a pyrotechnic igniter inserted into the motor through 
the nozzle. The igniter sparks were discharged down- 
stream from a point approximately in the center of the 
combustion Propellant tanks 
surized from regulated gas supplies preset to produce 
the desired reactant flow rates. 

Rocket motor combustion was initiated after closing 
the igniter switch by opening valves in the following 
order: (1) Preliminary or first-stage oxvgen, (2) first- 
stage alcohol, (3) full aleohol, (4) full oxygen.  First- 
stage operation limits flow rates during the transition 
period while chamber pressure builds up. 

Time intervals elapsing between actuation of the 
rarious valves is a function of the judgment and re- 
sponse of the test pit operator. A representative time 
sequence was found to be the following: 


chamber. were pres- 


First First FIRST Full Full FULL 
Igniter oxygen alcohol STAGE alcohol oxygen STAGE 
x x x X xX 
0.0 0.2 0.7 25 3.0 
Time, sec 
Results 


A typical example of a strip film record is shown in 
Fig. 5a. The light spots at the film edges are 60 cps 
timing marks. In this case, the numbers 51 and 52 
indicate that and sec, respectively, have 
elapsed since the timing was started. The straight 
line closest to the timing mark is the image of a reference 
light mounted on the motor near the nozzle end of the 
slit, while the two bottom lines are images of an in- 
jector-end reference light and a 1-sec timing light. 

Previous tests with the modified impinging head 
No. 1 (Table 1), made with a conventional water- 
cooled body, had indicated stable operation at chamber 
pressures higher than about 330 psig, while below this 
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FIG. 5A IGNITION PERIOD SEQUENCE, TEST NO. 1 


value there was a tendency to emit a high pitch squeal. 
A total of 30 window motor tests were made using this 
head. Two typical tests, one a normal high chamber- 
pressure run, the other a low chamber-pressure squeal- 
ing run are discussed here. Beginning this discussion 
with the high chamber-pressure test (Test 1, Table 2) 
the ignition period is shown in Figs. 5a-d. The igniter is 
burning and first-stage oxygen has arrived in the cham- 
ber. The first-stage alcohol valve was energized at 
time mark 31. It should be noted that before time 
mark 52 there is no radiation visible upstream of the 
igniter. Halfway between time mark 52 and 53 (Fig. 
5b), after alcohol has arrived in the chamber, the radia- 
tion strikes back toward the injector. This is fol- 
lowed by a time interval of about 1/3) sec during which 
the only radiation visible is downstream of the igniter, 
except for segments near the injector. The latter vary 
in brightness at a frequency of about 360 cps. Oscil- 


TABLE 1 INJECTOR HEADS 


Injector number 1 2 3 

Type Modified Conventional Non- 
impinging impinging impinging 

Oxygen 


No. of rings 2 
No. of holes 7 
Pressure drop, 


psi (at wo = 
3.1 Ib/sec) 


Alcohol 
No. of rings 3 
No. of holes 96 
Pressure drop, 20 


psi (at wy = 
2.2 lb/sec) 


‘TABLE 2 

Test no. 1 2 3 4 
Injector no. 1 1 2 3 
Film velocity, ft/sec 8 40 10 10 
Test duration, sec 7 10 7 10 
Chamber press., psig 331 277 330 330 
Oxygen tank press., psig 442 364 435 413 
Fuel tank press., psig 389 329 383 360 
Oxygen flow rate wo, Ib/sec 3.10 2.62 3.08 3.09 
Fuel flow rate wv;, Ib/sec 2.20 1.83 2.15 2.31 
Ratio = wo/twy 1.41 1.43 1.43 1.34 


IGNITI vo. 1 


FIG. 6 FIRST-STAGE OPERATION, TEST NO. 1 


FIG. 7 FIRST-STAGE OPERATION, TEST NO. 1 


8 FULL- A r No. 1 


lations continue for about 0.03 sec between time marks 
55 and 56 (Fig. 5c) at a slightly decreasing frequency, 
as full slit-length radiation develops. Between time 
marks 53 and 54, i.e., about 0.01 sec after the initial 
flash back, the igniter is injected. 

The chamber pressure record indicates the instant of 
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PROPAGATION VELOCITY OF RADIATION SOURCE ALONG THE 
UNDER STABLE OPERATION CONDITIONS (FOR ASSEMBLIES 
WITH HEADS 1, 2, AND 3) 


FIG. 9 
SLIT 


radiation flash back as a sudden pressure pulse which 
decays to practically zero. Chamber pressure begins 
to rise again when radiation develops along the full 
slit length. 
time marks 55 and 57 have a frequency of about 350 
cps which agree with the radiation intensity oscillations 


Chamber-pressure oscillations between 


mentioned previously. 

Near the nozzle end, the sources of the radiation have 
a propagation velocity of approximately 750 ft/sec 
(streak velocity) as indicated by the slopes of the streaks 
1 Fig. 5d. 

Starting at time mark 57 (Fig. 5d) and lasting for a 
period of roughly '/, sec, the radiation pattern is ran- 
dom. This condition is illustrated at time mark 90 in 
Fig. 6, where low-velocity streaks of about 200 ft/sec 
appear superimposed on the high velocity streaks of 
about 750 ft/see near the nozzle. 

This random pattern grows smoother (Fig. 7) reaching 
a fully developed first-stage combustion pattern by the 
time the full-stage alcohol valve is energized. The in- 
crease in the alcohol flow rate causes no discernible 
change in the radiation pattern. Following the ener- 
gizing of the full-stage oxygen-valve at time 147, full- 
stage combustion begins (time mark 195, Fig. 8). 
It is seen that the combustion pattern is nonuniform 


in time, even for the “smooth” run illustrated here, as 


evidenced by the basic radiation pattern of closely 
spaced alternating dark and light streaks. At the 
injector end, there is a spotty low-velocity region. 
These streaks extend, within the accuracy of measure- 
ment, right up to the injector head. It is found that 
the average time from a point where they enter the 
field until they leave is about 0.002 second (stay time). 
A representative velocity distribution along the slit, 
plotted in Fig. 9, indicates a maximum velocity of 
about 800 ft/sec which appears constant beyond a 
point roughly 3 in. from the injector. 

Test No. 2 (Table 2) was a low chamber-pressure 
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squealing run with the same injector head No. 1. The 
motor began emitting a high-frequency squeal as soon 
as full-stage operation had been reached. A typical 
radiation pattern during this squealing operation is 
shown in Figs. 10a and 10b. Examining this picture 
in detail, one notices radiation streaks moving down- 
stream at changing velocities, indicating radiation 
emitters which undergo acceleration and deceleration 
along the slit length. Streak velocities are oscillatory 
both in distance and in time. Fig. 1la is a plot of ve- 
locity as a function of distance downstream from the in- 
jection end of the slit for an arbitrarily selected radi- 
ation streak, while Fig. 11b is a corresponding plot of 
local streak velocity as a function of time for a fixed 
point midway down the slit. 

Propagating in an upstream direction, at a frequency 
of 1550-1620 cps, one observes what are believed to be 
pressure waves reflected from the nozzle end. These 
become visible as they move upstream because the 
pressure pulses cause ignition of unburned combustible 
gases by a process of rapid compression. Correlation 
with chamber-pressure oscillations is not possible in this 
case since the pressure gage used was not sensitive to 
It is likely that 
pressure waves also travel downstream from the in- 
jector toward the nozzle, but pictures obtained to date 
have not confirmed this clearly. 
waves tend to be masked by background radiation, as 
they must travel through a region which is already lu- 
minous due to previous ignition. 


frequencies of the above magnitude. 


Any such pressure 


The slope of the reflected wave path, being rather 
fuzzy, is difficult to determine accurately. Meas- 
urements of about 25 different lines (Fig. 10b) yielded 
an average absolute velocity of 2170 ft/see. Adding 
to this the average downstream gas velocity of approxi- 
mately 800 ft/sec, the velocity of a reflected wave, 
relative to the gas, becomes about 3000 ft/sec, a value 
which differs not too greatly from the sonic velocity 
(about 3800 ft/sec) corresponding to the estimated 


chamber temperature. 


Assuming that pressure waves 
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move downstream, in this case at an absolute velocity 
of 3000 + 800 = 3800 ft/sec, and that reflection occurs 
at the end of the 10-in. long (0.83 ft) motor body, an 
“organ-pipe” frequency of this motor can be calcu- 
lated, based on the assumption that it acts like a closed 
end tube. Thus the time for a wave to complete its 
round trip becomes 


LL _ 0.83 0.83 _ 0.000597 sec, which represents 
©2200 3800 frequency of 1675  eycles/sec 


where 


period, sec 


é 
= upstream velocity, ft/sec = 


ll 
+ 


~ 
ll 


L = length, ft 
v = downstream velocity, ft/sec 


a value which agrees well with the observed pressure 
reflection frequency of 1560-1620 eps. 

As an example of a conventional impinging type in- 
jector head test, a typical run with injector No. 2 
(Table 1) is illustrated by test No. 3 (Table 2). This 
injector head produces a characteristic noisy start, 1.e., 
the motor howls during the starting sequence. 

The pattern of the ignition period is similar to that 
exhibited by head No. 1. Shortly before the full- 
alcohol valve was actuated, there occurred a short os- 
cillation period, lasting about '/,s sec, having a fre- 
quency of approximately 1400 cycles/sec. After the 
full-stage alcohol valve was energized (time mark 98) 
a low-frequency oscillatory interval began, as illustrated 
in Fig. 12 (time mark 104). These oscillations contin- 
ued during the first oxygen-full alcohol period, with the 
frequency slowly decreasing from about 340 eps at time 
mark 104 to a steady value of about 240 eps (time mark 
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wn 147, Fig. 13). Pressure oscillations of corresponding 


frequencies appeared on the chamber pressure record. 
The full oxygen valve was energized at time mark 148. 


Near time mark 161 (Fig. 14) the oscillations began to 
decay with a resulting smooth full-stage combustion 
pattern (Fig. 15) except for one short period of '/¢ sec 


when low-frequency oscillations suddenly appeared 
again. 

It may be seen that the full-stage radiation pattern 
has an appearance different from that obtained with 
head No. 1. A '/s-in. section at the injector end ex- 
hibits very little radiation structure. Beyond this 
section, the streaks attain a velocity of about 750 ft/sec. 
The stay time is approximately 0.003 sec. 

Test No. 4 (Table 2) represents a typical test with 
the nonimpinging type injector head No. 3 (Table 1). 


The ignition period was essentially the same with this 


head as with the previously discussed heads. How- 
ever, the first stage appears to be slightly smoother, as 
shown in Fig. 16. Full-aleohol and full-oxygen valves 
were energized at time marks 156 and 184, respec- 


tively. At time mark 205 (Fig. 17) the first indication 


of an oscillation occurs, the frequency at this point being 
about 360 cps. Not only are the periods of oscillations 
intermittent, but the frequency itself changes con- 
tinuously until it finally reaches a value of 220 eps after 
several seconds of full-stage operation. An example of 
a rather smooth pattern is illustrated in Fig. 18. It 
may be seen (1) that there is a section about 1 in. long 
at the injector end in which there is little radiation 
structure visible, and (2) that the streaks do not attain 
a constant velocity before leaving the field of view. The 
velocity at the nozzle end of the slit is about 400 ft/sec, 
and the stay time 0.004 sec. 


Analysis 


A cautious interpretation of the results presented here 
is necessitated by the realization that the radiation ap- 
pearing in the pictures is a projection of a three-dimen- 
sional phenomenon. The film records only the radia- 
tion which emanates from the surface of the flame vol- 
ume. It must also be kept in mind that the 0.01 lb/sec 
of nitrogen introduced into the motor around the inner 
window might modify the usual combustion process. 
At the present time no data are available to evaluate 
the seriousness of the complications resulting from these 
factors. However, the radiation intensity oscillations 
on the strip camera film correspond to chamber pres- 
sure oscillations on the pressure record. Thus, it is 
assumed that the conditions recorded in the photo- 
graphs are representative of what happens simultane- 
ously across the complete cross section of the flame vol- 
ume. 

The basic radiation pattern of closely spaced streaks, 
which exists during both stable and unstable operation, 
does not seem to correspond to any one frequency nor 
to any repetitive frequency spectrum, as indicated by 
the irregularity of the streak spacing and brightness. 
When considering the interpretation of the streaks, one 
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OXYGEN-FULL ALCOHOL OPERATION, TEST NO. 3 


Fic. 144A DECAY OF LOW-FREQUENCY OSCILLATION UPON ARRIVAL 
OF FULL-STAGE OXYGEN TEST NO. 3 


FIG. 15 FULL-STAGE OPERATION, TEST NO. 3 


FIG. 17 FULL-STAGE, UNSTABLE OPERATION, TEST NO, 4 


can think of at least three factors which can cause fluc- 
tuations in the intensity of gas radiation; namely, the 
composition of the gas mixture, the pressure, and the 
temperature. Since these are interrelated, it is diffi- 
cult to apportion the cause of the fluctuations among 
them. Hence, it is assumed that the bright streaks on 
the photographic positives are evidence of high-pressure, 
high-temperature gas, while the darker streaks repre- 
sent lower pressure, cooler gas regions. 

Careful study of the original film seems to indicate 
that the 200-ft/sec low-velocity streaks, previously 
pointed out in Fig. 6, are radiation attenuators. These 
dark streaks may be random masses of reactants or cool 
gases passing downstream between the window and the 


bulk of the combustion gases. 
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OF FULL-STAGE OXYGEN TEST NO. 3 


FIG. 16 FIRST-STAGE OPERATION, TEST NO. 4 
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FIG. 18 FULL-STAGE, STABLE OPERATION, TEST NO. 4 


Typical velocity distributions during smooth oper- 
ation, plotted in Fig. 9 for the three types of injector 
heads, indicate considerable difference in the rates of 
completion of combustion. The pictures do not indi- 
‘ate a sharp flame front; but the regions in which the 
velocity gradients level off may indicate the respective 
depths of maximum chemical reaction rate zones. Al- 
though the velocity gradient of the nonimpinging head 
No. 3 begins to decrease, the velocity does not become 
constant within the field of view. 

Assuming that the terminal velocity of 800 ft/sec 
mentioned for head No. 1 is an average velocity across 
the cross section of the motor chamber, and knowing the 
cross-sectional area of the 3-in. ID motor and the react- 
ant flow rates, it is possible to calculate the density 
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and temperature of the gas. The average density of the 
gas becomes 


p= = = 0.135 Ib/ft®.... [3] 
where 
yout 
p = density of the gas, lb/ft* 
w = total fuel and oxidizer flow rate, lb/sec 
u = average velocity of the gas, ft/sec = 
a = cross-sectional area of the chamber, ft? 


Knowing the chamber pressure to be 331 psig, and 
assuming a perfect gas law relationship and a molecular 
weight of 22, one obtains an average temperature of 
P, 345.6 X 144 


(R/M)p (1544 X 0.135)/22 


where 
T = absolute gas temperature, R 
P, = absolute chamber pressure, lb/ft? 
R = universal gas constant, ft-lb/F Ib-mol 
M = average molecular weight of gas : an 


a value which is fairly close to the theoretical combus- 
tion temperature. 

It is suggested that the low-frequency (220-360 cps) 
oscillation patterns observed in these tests are deter- 
mined by characteristics of the injection system and the 
liquid lines, but this hypothesis must be examined by 
means of further tests. 

Good agreement was obtained between the observed 
oscillation frequency for the squealing operation with 
head No. 1 and a calculated organ-pipe frequency. If 
tests with bodies of various lengths continue to show 
this degree of correlation, it may be assumed that cal- 
culations of oscillation frequencies based on acoustical 
closed end tube theory are valid, although the method 
of the excitation and reflection may be very different 
from that of an organ pipe. 

We would like to make a conjecture regarding the 
cause and nature of this high-frequency type of in- 
stability. If we proceed with the fundamental assump- 
tion that the low-velocity gas region existing between 
the liquid fuel and oxidizer jets, in the vicinity of the 
injector holes, is the flame-stabilizing or holding zone of 
a rocket motor, then it is plausible to postulate that the 
effective separation distance between the fuel and oxi- 
dizer stream surfaces is a critical flame holding dimen- 
sion in which the liquid jets assume a role equivalent to 
the solid boundary of a tube. In direct analogy with 
the burning phenomenon encountered for flame propa- 
gation in tubes, it is to be expected that there exists a 
critical minimum or quenching distance at a given 
pressure and mixture ratio at which stable flame propa- 
gation becomes impossible. Since the quenching dis- 
tance varies approximately inversely as the gas pres- 
sure, it followsthat lower pressure would make the flame- 
holding abilities of the zone more marginal, and that 
below a certain chamber pressure (as in test No. 2) 
a stable combustion pattern would be impossible for a 
given injector configuration and fuel-oxidizer com- 
bination and ratio. The occurrence of this condition 
would then become the cause of the high-frequency in- 


stability. Ignition, instead of proceeding in a manner 
predicted by the usual steady-state normal flame-veloc- 
ity theory, becomes unsteady and is initiated by the 
impulsive compression of the combustible gases by pres- 
sure waves traveling in the motor. An unsteady com- 
-bustion cycle is visualized as being initiated by the 


rapid ignition of a mass of combustible mixture near the 


injector head. This discrete mass of hot gas moves 
downstream preceded by a pressure wave, part of 
which is then reflected by the nozzle wall or boundary 
layer. Moving upstream again, the reflected pressure 
wave compresses combustible gas it meets along its 
path sufficiently to cause ignition. Such ignition may 
continuously maintain or increase the energy of the 
pressure wave as it propagates upstream. Finally, 
coming back to the low-velocity region near the in- 
jector, the compressive impulse of the wave ignites the 
accumulated gas mixture. This replenishes the pres- 

sure pulse and the cycle repeats itself. 


Summary and Conclusions 

The window-slit rocket motor has proved to be a 
useful tool for the study of rocket combustion. Its 
construction is such that the full length of the combus- 
tion chamber may be observed while the rocket is oper- 
ated under normal conditions. The tests reported 
here lead to the following conclusions: 

1 The time-distance radiation pattern of a rocket 
motor during stable operation consists of a series of 
streaks of varying intensity. These appear to indicate 
the propagation of discrete radiation sources, existing 
due to random variations of pressure, temperature, and 
gas composition. The fluctuations do not indicate 
any one frequency or repetitive frequency spectrum. 

2 The propagation velocity distribution, as indi- 
cated by slopes of the streaks, is a function of the type 
of injector head used. In each case, there is a region 
near the injector end of the motor where the radiation 
sources undergo rapid acceleration. 

The following summary represents stable full-stage 
operation for the three injectors tested: (a) Modified 
impinging head (No. 1): The accelerating region 
starts near the head. <A constant velocity of about 800 
ft/sec is approached at a distance of about 3 in. from 
the injector. (b) Conventional impinging head (No. 
2): The radiation exhibits no structure for a distance 
of '/, in. from the injector. A constant velocity of 
about 750 ft/sec is approached at a distance of about 
5 in. from the head. (c) Nonimpinging head (No. 
3): A section about 1 in. long at the injector end ex- 
hibits little radiation structure. Downstream of this 
region a constant velocity is not reached within the field 
of view. The velocity at the nozzle end of the slit is 
about 400 ft/sec. 

The regions of high acceleration probably correspond 
to the zones of maximum chemical reaction rates. The 
stay times for the three heads were found to be approxi- 
mately 0.002, 0.003, and 0.004 sec, respectively. A gas 
temperature of 5250 R near nozzle end was calculated, 
using measured velocity of 800 ft/sec for head No. 1. 
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3 Two types of instability were observed: 

(a) The low-frequency type of instability (220-360 
eps) is distinguished by abrupt and severe variations in 
radiation intensity. As measured at the nozzle end, 
a typical example of a cycle during 240 eps oscillations 
consists of a 3.6-millisec period during which high radi- 
ation intensity persists, followed by a period of 0.4 
millisee during which no radiation is visible on the 
film. The frequencies determined photographically 
agree with chamber-pressure oscillation frequencies. 
It is postulated that this phenomenon is a character- 
istic of the injection system and the liquid lines. 

(b) The high-frequency type of instability (1400- 
1700 cps) represents an unsteady combustion phe- 
nomenon distinguished by pressure reflections, and 
acceleration and deceleration of the sources of radiation 
as they move downstream. The velocity of the pres- 
sure waves was found to be close to the sonic velocity 
of the chamber gas. A theoretical discussion for this 
type of instability is presented. 

Experiments reported in this paper represent the first 
exploratory work with this window-slit rocket motor. 
It is hoped that further understanding of rocket com- 
bustion and its associated phenomena will result from 
future tests. 
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on the excellent work they have done in applying this 
unique method of photography to the combustion zone 
in a rocket engine. Their technique appears to be a 
promising method for giving particle velocity vs. time 
in a rocket engine having high-frequency instabilities. 

The authors have made a good conjecture regarding 
the cause and nature of the high-frequency instabilities. 
Their discussion appears to be complicated, since they 
have discussed simultaneously two theories on the addi- 
tion of energy to the wave, where either could fulfill the 
requirements alone. The first theory explains energy 
addition on the basis of flame stabilizing character- 
istics, which would provide the additional energy neces- 
sary to sustain the wave. The second theory postu- 
lated was that the wave compresses the combustible 
gases it meets along its path sufficiently to cause igni- 
tion. The ignition would increase the energy released 
and thus provide the energy required to sustain the 
wave. <A high-frequency instability is possible if either 
of the theories postulated is correct. 

The theory on ignition by the wave front is inter- 
esting in the light of the data presented. One consider- 
ation that must be taken into account with the second 
theory is the existence of a pressure node somewhere 
near the center of the chamber. This means that any 
combustible gas in this region will not be compressed 
by the wave since it is cancelled by a reverse wave. 
Hence, no energy addition can be obtained at the node 
point. The over-all effect of the node point would be 
that less energy is added to a wave when combustion 
occurs at a node point. This is a possible explanation 
of why Head Nos. 2 and 3 did not exhibit high-fre- 
quency instabilities while No. 1 did. 
that injector No. 1 produced a constant gas velocity of 
810 ft/sec at 3.5 in. downstream. This indicates that 
the combustion occurs in the front third of the cham- 
ber. Injectors Nos. 2 and 3 had combustion occurring 
for over half the chamber length which indicates that 
the energy available to the wave was considerably less 
than for injector No. 1, and, therefore, the wave was 
eventually damped out. For Head No. 1 the addi- 
tional energy received by the wave caused by the con- 
centration of combustion close to the injector was 
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Photographic Techniques Applied to Combustion Studies— 


A two-dimensional transparent thrust chamber, approx- 
imating a slice, 0.47 in. thick from a 1000-lb thrust cham- 
ber, was used for tests of five different injector types. 
Motion pictures at 2000 and 3000 frames per second were 
taken of the combustion process. The different combus- 
tion patterns and some examples of combustion instability 
are illustrated. Curves are shown for chamber gas veloci- 
ties versus axial distances from the injector faces, and the 
velocities obtained with each injector type are compared. 


Introduction 


NCREASINGLY, rocket development personnel 

are recognizing the need for apparatus which will 
measure or indicate the phenomena occurring within 
combustion chambers. Several years ago Bellman 
and Humphrey of the NACA (1)* ably demonstrated 
the use of a two-dimensional, transparent chamber for 
photographing the combustion flame. Recently, the 
Aerojet Engineering Corporation has conducted tests 
with similar apparatus which further substantiates 
the usefulness of such a chamber. The photographic 
results obtained, while only of a preliminary and ex- 
ploratory nature, indicate that the technique is worthy 
of much more attention than it has received. 

Five different injection patterns were investigated, 
using a liquid bipropellant system.4 Information was 
desired on the appearances of flame fronts, striations, 
recirculations, starting characteristics, and propellant 
injection streams and droplets. Results were to be 
compared with information previously obtained on 
the operation of the injectors in a 1000-lb-thrust, 
three-dimensional chamber. 


Apparatus 


a4 = 


chamber resembles an axial 


_ 


The “two-dimensional” 


slice, 0.47 in. thick, cut from a 1000-lb thrust chamber 
The over- 
all length of the chamber from injector face to the noz- 


having a chamber-to-throat area ratio of 5.9. 


' Presented at the Annual Meeting of the AMERICAN ROCKET 


Society, Atlantic City, N. J., November 30, 1951. 
2 Development Engineer, Liquid Rocket Engine Department. 


’ The number in parentheses refers to the Reference on page 


103. 

* Eprtor’s Note: The author was not permitted by military 
security officers to disclose the chemical nature of the propellant 
used in this research. Nevertheless, the editors accepted the 
paper for publication in the belief that even without this vital 
information, the results are generally applicable to any propellant 
system. 


Two-Dimensional Transparent Thrust Chamber — 
By JOHN H. ALTSEIMER?’ 


zle exit is approximately 16 in., and the height in the 
combustion-chamber section is 4.375 in. The flat 
sides are transparent and consist of two Lucite plates 
per side: an inner plate !/. in. thick and an outer 
plate */, in. thick. The inner plates were replaced 
after each test, although the outer plates were used 
repeatedly. A view of the chamber assembly mounted 
on the test stand is shown in Fig. 1. The seal be- 
tween the Lucite sides and the metal parts was made 
with O-ring material. The chamber characteristic length 
is 57 in., and the design chamber pressure is 300 psia. 

The injection patterns simulated, as nearly as pos- 
sible, those used in 1000-lb thrust chambers. The 
five patterns tested were as follows: 

1 The “showerhead,” repetitive-pattern has seven 
fuel and six oxidizer orifices, as shown in Fig. 2. The 
streams are nonimpinging, being injected parallel to 
the longitudinal axis of the chamber, and all lie in one 
plane. The “repetitive-pattern” designation is from 
three-dimensional injector nomenclature and refers to 
array of holes equally spaced across the in- 

The object is to approach, as closely as is 


a uniform 
jector face. 


practical, the condition of an infinite number of holes 
producing a uniform and thoroughly mixed outflow 
of propellants across all areas of the injector face. 

2 The 1:1 impinging, nonrepetitive pattern for a 
1000-lb thrust chamber consists of a circle of 12 pairs 
of 1:1 impinging streams with the oxidizer streams outer- 
most. This pattern is called “unique” 


to distinguish 


FIG. 1 OBLIQUE REAR VIEW OF TWO-DIMENSIONAL TRANSPARENT 
CHAMBER ON TEST STAND 
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it from the repetitive patterns. The “two-dimensional 
injector,” illustrated in Fig. 3, consists of two pairs of 
these 1:1 impinging streams. 

3 The 2:1 impinging, repetitive pattern has eight 
sets of impinging streams, each set consisting of a center 
fuel jet being impinged upon at 45-deg. angles by two 
oxidizer jets. Fig. 4 illustrates this injector. 

4 The coaxial-flow, repetitive pattern has eleven 
Each set consists of a 
Fig. 5 


sets of coaxial pairs of holes. 
center jet of oxidizer surrounded by fuel. 
illustrates this injector. 

5 The fifth pattern was the splash-wall, repetitive 
pattern shown in Fig. 6. Seven splash walls (or baffle 
plates) are used; an oxidizer jet strikes one side of each 
wall and a fuel jet strikes the other side. The liquids 
are deflected downstream and meet at the downstream 
edge of the walls. The splash-wall injector for a 1000- 
lb. thrust chamber has a grid arrangement similar in 
appearance to a waffle iron. In the center of each 
square are four orifices of either oxidizer or fuel which 
inject streams out to each of the four surrounding 
walls. The squares alternately enclose oxidizer and 
fuel orifices. 

The cameras used for these tests were Eastman 
Type III, 16-mm motion picture cameras capable of 
speeds up to 3000 frames per sec. The film accelera- 
tion period used up approximately one half of the film. 
Actual film speeds were obtained by noting the move- 
ment of a timing disk shown on each frame or by using 
timing pips recorded on the film itself. The total 
time required to expose the available 100 ft of film 
was approximately 2'/. sec. Kokak Super XX black 
and white and Kodachrome color film were used. 

The '/.-in. thickness of the inner Lucite plate was 
sufficient to contain the erosion which occurred within 
the 2'/s-see operating time. However, shortly after 
the start of a test, the throat area began to enlarge, 
causing a decrease in chamber pressure. For example, 
two tests showed decreases of 23 and 41 psi per sec, 
respectively. The rate of decrease varied according 
to the particular operating conditions and is an in- 
herent disadvantage of the chamber design. Plates 
from some typical tests were measured to determine the 
amount of Lucite lost in the chamber section between 
the injector and the beginning of the convergent nozzle 
section. This loss amounted to from 1 to 7 per cent 
of the propellant flow. 

The fuel used was somewhat objectionable because 
it deposited an opaque substance on the wall in spots 
where the fuel density was great. Also, liquids flow- 
ing along the walls can cause confusion. Both diffi- 
culties must be minimized by careful observations. 

Measurements of chamber and injection pressures 
were made with Baldwin SR-4 strain-gage-type pres- 
sure pickups and also with Aerojet reluctance-type 
pickups. The data were recorded on a Consolidated 
Engineering Corporation Model 5-114-P4 oscillograph. 
Also recorded on this instrument were the film pipping 
voltage, timing marks for the camera and the propel- 
lant valve operation, and the output from a photelec- 
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FIG. 2 SHOWERHEAD INJECTOR FOR TRANSPARENT THRUST 
CHAMBER 


FIG. 3 UNIQUE-TYPE, 1:1 IMPINGEMES.T INJECTOR FOR TRANS- 


PARENT CHAMBER 


FIG. 4 2:1 IMPINGEMENT, REPETITIVE-PATTERN INJECTOR FOR 
TRANSPARENT CHAMBER 


FIG. 5 COAXIAL-FLOW INJECTOR FOR TRANSPARENT THRUST 
CHAMBER 


FIG. 6 SPLASH-WALL INJECTOR FOR TRANSPARENT THRUST 
CHAMBER 


tric cell. This cell, used during some of the tests to 
indicate flame intensity levels, but not absolute inten- 
sity magnitudes, permitted correlation of intensity 
levels with pressures. 


Test Results 


General Observations 

A characteristic common to the repetitive-patterm 
injectors was the longitudinal flame striations in the: 
combustion patterns. That is, a flame front normal 
to the chamber axis was not indicated, but rather, 
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there are columns of flame which correspond with the 
injection pattern and persist throughout the combustion 
chamber and throat. With the repetitive-pattern in- 
jectors, no large-scale swirls or turbulence patterns were 
found. 

The appearance of the Lucite sides provides confir- 
mation of these observations regarding flame patterns. 
The sides exhibit erosion streaks which correspond to 
the hot or cool areas. As was also reported by Bell- 
man and Humphrey (1), the Lucite exit-cone section 
exhibited Mach line patterns, and the exhaust gases 
became invisible downstream of the throat. The 
plates show, also, that the 0.47-in. thickness of the 
chamber was sufficient to permit striations to exist 
across this dimension, since the two Lucite plates used 
in a test showed slightly different erosion patterns. 
Ideally, the pattern should be the same on both plates, 
but manufacturing imperfections of the injection ori- 
fices prevented this. Examples of the Lucite erosion 
pattern and the corresponding combustion-flame photo- 
graph may be seen in Figs. 7 and 8. 

The combustion pattern obtained with the ‘shower- 
head”’ injector is illustrated in Fig. 9. Longitudinal 
striations were very persistent. Small turbulence 
eddies were observed near the injector face. 


FIG. 7 TYPICAL LUCITE PLATE EROSION PATTERN FOR UNIQUE- 
TYPE INJECTOR 


The combustion pattern obtained with the “unique” 
injector (Fig. 8) was somewhat different from those 
obtained with the repetitive-pattern injectors, in that 
the combustion products exhibited more transverse 
turbulence. The products swirled to the chamber 
center line and then moved out through the throat. 
The brightest part of the flame was on the center line, 
and dark areas at the top and bottom appeared to be 
more or less stagnant and essentially unused in the 
combustion process. 


FIG. 9 CAL FLAME i RHEAD 


FIG. 10 TYPICAL FLAME APPEARANCE OF THE 2:1 IMPINGEMENT, 
REPETITIVE-PATTERN INJECTOR 


FIG. 11 TYPICAL FLAME APPEARANCE USING THE COAXIAL-FLOW 
INJECTOR 


TYPICAL FLAME APPEARANCE USING THE UNIQUE-TYPE 
INJECTOR 


FIG. 12 TYPICAL FLAME APPEARANCE USING THE SPLASH-WALL 


INJECTOR 
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With the 2:1 impinging injector the chamber was 
very well filled with flame (Fig. 10), and it appeared that 
the ideal repetitive-pattern state was being approached, 
i.e., uniform conditions throughout the chamber across 
any plane normal to the chamber axis. 
longitudinal striations were present with this injector 
Small eddies were noted against 

the injector face between the set of orifices. 

The combustion obtained with the coaxial-flow in- 
jector seemed to be utilizing only the downstream por- 
tion of the chamber, and the flame pattern was very 

) irregular near the injector face (Fig. 11). Striations 
existed and considerable flickering between the flame 
columns was noted. 

Strong striations were present with the splash-wall 
injector (Fig. 12). The dark longitudinal areas corre- 
spond to the fuel injection locations, and the bright 
areas correspond to the oxidizer injection locations. 
This is a good illustration of the persistence of the in- 
jection pattern throughout the chamber. 


However, some 


as with the others. 


Combustion Instability 


Four of the “unique’-injector tests were character- 
ized by smooth starts followed by “chugging.” These 
four tests were the only ones, out of 13 using this in- 
jector, which exhibited strong instability cycles. The 
The following 
test was considerably smoother, perhaps because of 


four chugging tests were consecutive. 


a plumbing change wherein a piece of '/2-in. tubing, 
several inches long, was taken out of the fuel line and 
replaced with '/,-in. tubing of equivalent line volume. 
Later, in another test with the unique injector, the 
'/-in. tubing was reinstalled in place of the !/,-in. 
tubing, but the chugging did not recur. The !/2-in. 
tubing was then replaced with a !/2-in. tee, with one 
leg of the tee capped and acting as a small gas pocket in 
the line, but again no chugging occurred. No further 
attempts to determine the cause of the chugging were 
made because of lack of time and funds for this particu- 
lar program. 

The high-speed pictures of the chugging cycles were 
examined to determine some of the flame growth charac- 
teristics. Two tests were observed, frame by frame, 
and the places in the thrust chamber where the flame 
disappeared or was of minimum size and also the manner 
in which the flame grew to a maximum size again were 
noted. These observations showed that the flame 
persists longest on the center line and generally dis- 
appears in the throat. Occasionally, the flame does 
persist near the injector face as well as near the throat. 
As it redevelops, it starts up in the downstream half 
of the chamber and spreads toward the injector and the 
top and bottom walls. Fig. 13 illustrates a typical 
chugging cycle. 

To determine whether the flame-intensity fluctuations 
were in time phase with the chamber-pressure fluctua- 
tions, a photelectric cell was aimed at a point directly 
under a chamber-pressure pickup, and the cell output 
was recorded on the oscillograph. The cell was not 
calibrated, the output being used to indicate the 
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frequencies and time positions of the maximum “a 
minimum points only. It was found that the flame-. 

intensity fluctuations were almost exactly in phase with 
the pressure fluctuations. 


Chamber Velocities 


Eight motion picture films were selected for use in 
velocity determinations which were representative 
of the five injectors tested. It was found that many 
combustion eddies were persistent and identifiable 
for a long enough period to be recorded on the high- 
speed camera film. The pictures were projected on a_ 
screen, frame by frame, and the distances traveled by — 
The actual film speed was — 
determined from the timing-disk data. Knowing the — 
time required to travel the measured distances, the ve-_ 
locities could be calculated. Typical data are shown | 
in Fig. 14 for the “showerhead” pattern. Although the | 
velocities obtained cannot be considered as reliable, 


the eddies were measured. 


FIG. 13. TYPICAL ‘‘CHUGGING”’ CYCLE OBTAINED WITH THE UNIQUE= 
TYPE INJECTOR. THE FILM SPEED IS APPROXIMATELY 3000 
FRAMES/SEC 
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the trends of the velocity curves are well established. 

A summary of the five most representative curves 
of velocity versus distance from injector is shown in 
Fig. 15. No data were obtained for velocities within 
2'/. or 3 in. of the injector face. The resultant pro- 
pellant injection velocities were plotted for a distance 
equal to zero, however, and the curves were arbitrarily 
extended on dotted lines to meet these points. The 
limitations in accuracy for the curves presented should 
be considered and are discussed below: 

1 The method of tracking eddies is not a completely 
positive one. Near the injector the eddies, or dark- 
spot movements, seen on the film could have been 
made by liquids; while at the downstream end of the 
chamber, the eddies were probably due to gases. 
Within about 2'/2 in. of the injector, it was impossible 
to track any eddies, probably because of the high 
droplet concentration, which was not conducive to the 
production of distinguishable eddies. 
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_ FIG. 15 CHAMBER VELOCITY VERSUS DISTANCE DOWNSTREAM 


FROM INJECTOR FACE IN TRANSPARENT TWO-DIMENSIONAL THRUST 
CHAMBER 
Velocity was measured on high-speed motion 


L* = 57 in. 


_ pictures by tracking combustion eddies. Camera speeds: 2000 
> 3000 frames/sec 
Test no. Injector 
M31-24 Unique pattern 
M31-29 2:1 repetitive 
M31-33 Showerhead 
M31-38 Coaxial flow 
M31-40 Splash wall 


Distance zero velocity equals propellant injection velocity. 
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FiG. 14 CHAMBER VELOCITY VERSUS DISTANCE DOWNSTREAM FROM INJECTOR FACE IN TRANSPAR- 
SHOW ERHEAD INJECTOR—VELOCITY MEASURED ON HIGH- 
SPEED MOTION PICTURES BY TRACKING COMBUSTION EDDIES 


2 Two phases of the materials in the chamber are 


present, the liquid and the gaseous. The liquids enter 
the chamber at the injection velocity and then imme- 
diately begin to slow down. At the same time, the 
liquids evaporate and react with each other to form 
gases, whose volumes increase with distance from the 
injector. So, if the measurement technique is such 
as to pick up the droplet velocities where the droplet 
concentrations are high, and the gas velocities where 
the droplet concentrations are low or nil, then the 
velocity curves will show an initial downward trend to 
a minimum value followed by increasing values. The 
curves, as drawn, take such a shape, especially those 
curves obtained from the “showerhead” and coaxial 
injectors. The exact locations or concentrations of 
the droplets cannot be ascertained from these data. 
The fact that the curve shapes are as expected is en- 
couraging. 

The validity of the curves can be checked at their 
downstream ends. If the operating data included 
reliable values of characteristic velocity (C*), then the 
combustion temperature could be estimated and the 
perfect gas law and continuity equations used to deter- 
mine the velocity. However, since the throat eroded 
in a variable manner during each test, reliable C* 
‘ralues are not available. Therefore, a check on the 
curves was made by using the maximum velocities 
compared with calculated C*. These values were 
used as a basis for judging the reasonableness of the 
data. The value of chamber pressure (P,) would, of 
course, also vary because of’ throat erosion. However, 
P. is a measurable quantity throughout the test. 
The value recorded on the data sheets and the one 
used for these C* calculations is the maximum measured 
value. Also, to avoid an extreme effect caused by the 
variable throat area, the velocity data were taken dur- 
ing approximately the first half of each test. If density 
(p), weight flow rate (w,), and cross-sectional flow 
area (A,) are known, then the velocity (v,) is obtaina- 
ble from the continuity equation: 


pUcAc = Wp .........- [1] 
Two other equations can be utilized: a 
P, 
[2] 
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and 
"/2 
C theor. Tc theor. 
where 
R = chamber gas constant 
7 = chamber temperature 
Combining Equations, [1], [2], and [3] yields 
c+ = ( [4] 


Using Equation [4] and substituting the theoretical 
values of the propellant combination, relative C* 
values were obtained. Comparison of these calculated 
performances with those already known for the 1000- 
lb-seale injectors showed the performance data to agree 
within + 20%, which is believed to be a reasonable 
deviation for this case. 

The trends of the velocity curves are in accordance 
with those of curves obtained previously for the 
various injection designs. The 2:1 repetitive and the 
splash-wall injectors, which are considered to be high- 
performance types, rapid velocity 
after injections; while the nonimpinging types, such 
as the “showerhead” and the coaxial-flow injectors, 
require considerably greater downstream travel before 
It is encouraging that 


show increases 


a velocity increase is shown. 
relatively consistent data were obtained, and it is 
helieved that better velocity data might be obtained 
The pri- 
mary recommendation for improvement would be the 


with improvements in nozzle constriction. 


use of a metallic, nonerosible throat section and an 
improved system for tracing the gas movement. 


Conclusions 


The “two-dimensional” transparent chamber has 
been found to offer an effective means of studying 
rocket injection and combustion problems. The tests 
reported have been useful in comparing the different 
injector types and the technique is considered to be 
worthy of further attention. Among the interesting 
possibilities that suggest themselves are the following: 

1 The use of special combinations of light filters 
and films to locate particular spectral bands and thus 
assist in analysis of the chemical kinetics involved. 

2 Improvement of the tracer technique of measur- 
ing velocities in the chamber to obtain further data on 
the gas-generation characteristics of different injection 
types. 

3 The conducting of similar combustion studies 
on the principal injector configurations with various 
propellants selected to represent the several degrees of 
chemical complexity of rocket propellants and a wide 
range of physical characteristics. 

4 The use of cameras capable of taking pictures 
at much higher speeds in order to study high-frequency 
combustion instabilities. 
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An analysis is given of the performance to be expected 


of a rocket powered by nuclear energy, and utilizing an 
electrically accelerated ion beam to achieve a gas ejection 
velocity of 100 km/sec without the use of very high tem- 
peratures in the propellant gases. While such a rocket 
would have much too low a thrust to take off from the 
surface of a planet, it would appear to be capable of travel- 
ing from a circular orbit about the Earth toa circular orbit 
about any other planet in the solar system. Gases obtained 
from planetary atmospheres could be used for the pro- 
pellant, and the only refueling required from the Earth 
would be supplies for the crew and small amounts of 
fissionable material. Preliminary indications are that 


such a rocket could feasibly be constructed and operated 


at the present time. : 
Introduction 

URING the past decade much thought has been 
given to the problem of sending a rocket up 
to a circular orbit some three hundred miles above 
the earth, and thus creating an artificial satellite. 
It appears that this problem can be solved by present 
techniques. With the use of chemical fuels a multi- 
stage rocket designed to launch a man-made satellite 
now seems perfectly possible in principle, although 
much engineering development would be needed to 
realize this possibility in practice. The ratio of take- 
off weight to the weight of the satellite would be large, 
probably several hundred or so, but not prohibitive. 

The next step beyond an artificial satellite has 
seemed much more difficult. To travel from a close 
circular orbit around the Earth to the Moon and back 
or to another planet and back requires almost pro- 
hibitive amounts of fuel with conventional rockets. 
In theory, many Earth-launched rockets could be 
used, each one carrying fuel to one of several refueling 
stations for an eventual interplanetary trip. How- 
ever, the many analyses made of this technique in- 
dicate that a discouragingly large number of very 
large rockets would be required to make possible 
even one trip to the Moon and back. For a planetary 
trip the difficulties are even greater. 

While the possible use of nuclear energy may 
revolutionize our concepts of space travel, the use 
of nuclear power simply to heat up the propellant 
gases from a rocket would not make interplanetary 

1A paper read before the Second International Congress on 
Astronautics in London, September 3-8, 1951. 

2 Chairman, Department of Astronomy. 

Eprror’s Note: The AMERICAN Rocket Society was one of 
the sponsors of the Second International Congress on Astro- 
nautics. The current interest of the ARS in space flight has 
prompted the editors to reprint this article by arrangement with 
the British Interplanetary Society. 
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travel particularly feasible. It is well known that one 


of the chief limitations on a conventional rocket is 
the temperature which the rocket tubes can tolerate 
without melting or evaporating. A nuclear-powered 
rocket using heated propellant gases could not use 
a higher gas temperature than a chemically powered 
rocket, and its only advantage would lie in the use 
of lighter propellant gases, with higher velocities 
at a particular temperature. nuclear-powered 
rocket making use of molecular hydrogen as propellant 
would need somewhat less propellant than would a 
conventional rocket using the best chemical fuels, 
but the gain would fall far short of the orders of magni- 
tudes of improvement needed to make interplanetary 
travel feasible. Moreover, the rapid transfer of enor- 
mous quantities of heat from a uranium pile to a pro- 
pellant gas offers difficulties that might well prove 
insuperable. We may conclude, as others have al- 
ready done, that the use of nuclear power in an other- 
wise conventional rocket does not seem to provide 
an ideal solution to the problem of interplanetary 
flight, though it might be of use in the trip from the 
Earth’s surface to a close satellite. 

This entire picture changes if we shift our point 
of view and consider space ships which need not land 
on planets but instead travel from one circular orbit 
to another. To take off from the Earth and reach 
a satellite orbit requires not only an enormous amount 
of energy, but also requires that the energy be de- 
livered in a very short time. A rocket designed to 
take off from the Earth’s surface must obviously 
have a thrust greater than the rocket’s weight, and 
this requires that the take-off period be short; i.e., 
the power, or energy per unit time, must be very great. 
A conventional chemical rocket is the only practical 
means yet found to produce such enormous powers 
without excessive weight. 

For an interplanetary space ship, however, a large 
thrust is not required. Such a ship, traveling between 
circular orbits about different planets, can accelerate 
relatively slowly, and while the total amount of energy 
required is still large, the power needed may be re- 
duced by about !/10, and instead of the 100,000 hp 
used in a large chemical rocket, a few thousand hp 
is sufficient. The present paper describes a low-thrust, 
low-power ship of this type, designed to travel from 
one planet to another, without ever landing. The 
several thousand hp needed is generated in a uranium 
or plutonium pile, converted into electrical energy, 
and used to accelerate a stream of ions by purely 
electrical means to a speed of about 100 km per sec. 
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Different components of this ship are discussed in the 
following sections, with the necessary mathematical 
analysis given in the appendixes. 

The ideas outlined here are probably not new; 
possibly the extensive literature on space flight con- 
tains some reference to a system similar to that pro- 
posed in the present paper. No search of the litera- 
ture has been made.* The chief purpose of this paper 
is not to claim priority for any ideas but to focus atten- 
tion on what promises to be the most practical means 
for interplanetary flight in the near future. 


Power Supply 


The power-weight ratio needed to give a ship an 
acceleration depends only on the acceleration itself 
multiplied by the velocity of the ejected propellant 
gas. _ Asa reasonable acceleration we may take 0.3 cm, 
sec*, which would make it possible to escape from a 
close circular orbit about the Earth in a few weeks 
and to reach Mars a few months later. The velocity 
of the ejected gas may be taken as 100 km/sec. A 
higher value would require more power, while a lower 
value would yield a less favorable mass ratio. With 
this choice of acceleration and gas velocity, the power 
needed is about '/1 hp per lb, as shown in Appendix 1. 
We shall consider a ship whose gross weight is about 
10 tons, since this is probably the smallest-size ship 
that could carry a uranium or plutonium pile. The 
total useful power must therefore be roughly 2000 hp. 
If an over-all efficiency of one-third is assumed in the 
conversion of heat into useful power, a heat source 
of 6000 hp must be provided. 

How can this power be produced? A normal pile 
weighs many hundreds of tons and could presumably 
generate much larger powers. For an interplanetary 
space ship one may envisage a pile constructed with 
U 235, the lighter isotope of uranium, or with pluto- 
nium, Pu 239. These materials are the ingredients of 
an atomic bomb, and a pile made with these fissionable 
materials could have a much smaller size and weight 
than one using ordinary uranium. The use of atomic 
fission for power production is still in the development 
stage, but one may assume that within the next ten 
years the design and operation of a small pile, weighing 
about a ton and producing some 6000 hp of heat, 
will become entirely practical. Such a pile would con- 
sume about 2 kg of U 235 or Pu 239 in a year of steady 
operation, and nuclear fuel for 50 years of continuous 
operation would weigh only 100 kg, or a tenth of a 
ton! 

What about the dangerous effects of so much radio- 


8 The author is much indebted to Dr. L. R. Shepherd for calling 
attention to some earlier work along the present lines. Oberth 
in his book, “Wege zur Raumschiffahrt,”’ proposes a rocket pro- 
pelled by an ion beam, powered by solar energy. The possible 
performance of an ionic rocket powered by uranium or plutonium 
has been considered by Shepherd and Cleaver (J. Brit. Inter- 
planetary Soc., vol. 8, p. 59, 1949); their pessimistic conclusions 
regarding such a device result from their assumed acceleration of 
0.01 gravity, some 30 times the acceleration assumed in this paper. 
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activity on the crew aboard this ship? The usual 
pile is surrounded by concrete and lead, to shield 
personnel from the neutrons and gamma rays. Such 
shielding is very heavy and would be practical only 
in an interplanetary ship whose size and weight were 
already very large. Thus, one could design and 
probably build a space ship weighing 10,000 tons, 
powered with a uranium pile weighing perhaps 1000 
tons, and generating 2,000,000 hp of useful energy. | 
Such a ship could carry thousands of people and vast — 
supplies anywhere in the solar system, and could | 
even navigate to other stars, though many generations — 
would be born, grow up and die on shipboard before — 
such a journey were complete. However, launching — 
such a ship from the Earth’s surface to a close circular 
orbit would be a tremendous undertaking. With 
the use of chemical fuels, such a launching would | 


require a rocket of some million tons gross weight, 
an achievement that would seem far, far in the future. 

Returning, then, to our smaller interplanetary — 
ship, we still have the problem of how the personnel — 
are to escape the hazards of nuclear radiation. The 
easiest way to achieve safety from neutrons and gamma __ 
rays is simply by distance. One may envisage the _ 
main interplanetary ship as a pilotless engine room, 
with a light control car, containing the crew, attached 
by wires some 100 km in length. Power and communi- 
cations could be sent over the connecting wires, with | 
probably also radio communication and an auxiliary | 
power supply in the control car. Appendix 2 shows that 
at 100 km from a pile generating 6000 hp of nuclear en- 
ergy, the flux of neutrons and gamma rays would be 
down to a safe value. If a shorter towing distance — 
were desired, the pile might be designed as a long thin 
cylinder, with the axis pointed at the control car, and — 
some shielding provided at the end of the cylinder near- 
est the control ear. 

If the car containing the crew and control equip-— 
ment weighed 2 tons, the wires pulling the car with — 
an acceleration of 0.3 cm per sec per sec would be— 
subject to a force of 1.2 lb. With a safety factor 
of 100, the two connecting wires need each have a 
diameter of only 0.02 in. and would each weigh about — 
300 Ib, not an excessive contribution to the mass of 
the ship. Careful precautions would be needed to— 
maintain tension on the wires at all times to avert 
sudden acceleration and breaking of the wires. There 
seems no reason why this technique could not be used, — 
although so great a distance between passengers and 
power plant may seem somewhat unconventional. 
If repairs to the main ship became necessary during 
flight, the power could be turned off and the control 
‘ar could be drifted up to the space ship. 

Generation of Electrical Power __ 

A uranium or plutonium pile generates power in 
the form of heat, and this must be converted into — 
electrical energy. One may visualize a small pile, 
with heavy water used as a moderator, in which the 
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heavy water is heated up, turned to steam, and used 
to drive a steam turbine. This turbine then drives 
a d-c generator, whose output is used to accelerate 
the propellant gases, as discussed in the next section. 

Since no problems of shielding of personnel are 
involved in the space ship, the design of such a system 
is somewhat simplified, but many problems of detail 
remain. The neutrons will produce nuclear trans- 
formations all through the ship, with possibly un- 
favorable results on the operation of the electrical 
and other equipment. The gamma rays will produce 
ionization in all materials, again creating problems 
of equipment performance and maintenance. Con- 
siderable research on such problems is presumably 
under way in connection with present piles, and one may 
hope that solutions to these problems will be available 
shortly. There appears to be no reason in principle 
why such problems cannot be solved. 

If the radiation hazard to the ship itself can be 
overcome, two other problems remain. First, there 
is the matter of cooling. To operate a heat engine, 
the heat produced at a high temperature must be 
given up in a condenser at a low temperature, and the 
only way for the condenser in a space ship to lose this 
heat is by radiation. The rate at which a solid body 
radiates heat varies as the fourth power of the tempera- 
ture. Thus we find ourselves in something of a 
dilemma. If the condenser temperature is made low, 
about room temperature, the rate of radiation is so 

low that impractically large radiating surfaces are 
- required. If the condenser temperature is made 
- very high, then the temperature at which the heat 
is generated must be even higher, and materials tend 


to melt or lose their strength, especially when submitted 

to nuclear bombardment. This subject is analyzed 

in Appendix 3, where the temperatures of heat input 

and heat output are taken to be 900 K and 450 K, 
respectively, or 1160 F and 350 F. With these tem- 
- peratures a heat engine has an ideal efficiency of one- 
half, and at a pressure of about 10 atm the steam 
will liquefy in the condenser. Even at this relatively 
& high temperature, however, the radiating surface 
required is about a thousand square yards. One may 
visualize a thin fin some 30 yd square extending on one 
side of the ship, radiating the heat produced by the 
pile. 

Secondly, there is the problem of the weight of all 

the material required to produce some 2000 hp of 

useful electric power. An over-all weight-power ratio 
- 10-lb per hp is in the same general neighborhood as 
the weight-power ratio for Diesel-electric railroad 
@ locomotives and for bombing planes. It is not un- 
_ reasonable to assume that about this same value can 
be achieved for an interplanetary space ship. 

Propulsion of Ship 


It now remains to convert the electrical power, 
_ whose generation was discussed in the preceding section, 
- into useful work. In particular, the only way a 
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space ship can be propelled is by ejection of a stream 
of gases, and the electrical power must be used for 
this purpose. By use of electrostatic forces to acceler- 
ate a beam of ions, very high gas velocities can be 
achieved without the use of very high temperatures. 
The production of intense ion currents has been exten- 
sively studied in the past decade, and the accelera- 
tion of a space ship by an ion beam seems to offer no 
particular difficulties. 

The electrical voltage to be applied depends only 
on the mass of the ion to be used and the velocity 
desired. The equations, given in Appendix 4, show 
that to accelerate nitrogen ions to a speed of 100 km/sec 
requires a potential of 730 volts. Nitrogen is indicated 
as a propellant, since this gas is readily obtained from 
the Earth’s atmosphere, and the ship can therefore 
obtain propellant gases in its circular orbit; this avoids 
the necessity of bringing tons of propellant up ‘from 
the Earth’s surface for every trip. Since nitrogen is 
probably also abundant in the atmospheres of Mars 
and Venus and possibly other planets, propellant 
gases could also be obtained at various points in the 
solar system. 

At the relatively low voltage of 740 volts required 
to accelerate nitrogen ions, space-charge effects limit 
the total ion current that can be accelerated. Ap- 
pendix 4 shows that an accelerating area of about 7 sq 
yd would be needed to produce an ion beam of the neces- 
sary 2000 amp and 1500 kw. This result assumes that 
the accelerating voltage is applied over a distance of 
only a millimeter. Two fine-mesh wire screens, 
made with wires of very small diameter, could be 
placed this far apart and given the requisite potential 
difference. Thermionic emission from the wires 
in the outer screen could add electrons to the beam 
so that the ejected gases and the ship would remain 
electrically neutral. 

It may be remarked that if the accelerating voltage 
were increased to 100,000 volts, the ion velocities would 
be about 1000 km per sec, and a space ship could 
in theory attain a speed of this order after about a 
hundred years of acceleration. At such a speed about 
a thousand years would be required to reach the nearest 
star. 


Launching and Use of Ship 


The preliminary analysis presented here indicates 
that there is every reason to believe that an inter- 
planetary space ship could be built with essentially 
present techniques. Such a ship could not by itself 
land or take off on any major planet or satellite, al- 
though it could readily land on a small asteroid or 
on one of the tiny moons of Mars, where the small 
weight of the ship could easily be balanced by the 
rocket’s thrust. However, the ship could proceed 
from a circular orbit about the Earth to a similar 
orbit about any other body in the solar system. 

How could such a ship be used? Since we are all 
situated on the Earth’s surface, a ship of this type 
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could be employed only if some means for traveling 
up toa circular orbit were available. We have already 
indicated that with the use of chemical rockets this 
problem is, in principle, solved. One may envisage 
short-range chemical rockets, with a starting weight 
of at least several hundred tons, sending a final weight 
of about a ton up to a circular orbit, where contact 
would be established with an interplanetary ship. 

Probably the most difficult problem of this sort 
would be the initial launching of the interplanetary 
ship itself. While a voyage of many hundred million 
miles in space could readily be achieved by this ship, 
ascent of the first few hundred miles to a circular 
orbit would definitely require a booster of some sort. 
In this case the booster would weigh initially some 
hundred times as much as the ship, or a few thousand 
tons. This is definitely a case where the first few 
hundred miles are the hardest, and in fact the design 
and construction of such a large “launching rocket”’ 
might well be more difficult than thedesign and construc- 
tion of the long-range space ship. 

Another problem, almost as difficult as that of 
the take-off, is that of landing. Air resistance seems 
the obvious way to slow down a ship returning to the 
Karth’s surface. However, a body in a circular orbit 
has a vast amount of energy, and disposing of all this 
energy by air resistance without vaporizing the material 
is no trival problem. There are a number of ways 
in which glided flight down from a circular satellite 
might seem to be feasible. Since this subject is dealt 
with in another paper in this symposium it will not 
be discussed here. 

One possibility in this connection should be noted, 
however. Gliders constructed for descending from 
a satellite will probably require wings and_ bodies 
of appreciable weight. It might be cheaper in the 
long run to fabricate these in space, from the nickel- 
iron presumably available on asteroids, rather than 
haul them up to the circular orbit by chemical rockets. 
An interplanetary space ship could readily land on a 
small asteroid and might conceivably carry the tools 
necessary to fabricate out of the iron in the asteroid 
at least the wings needed; these might then be attached 
to the rockets shot up from the surface. 

Landing on another planet would be more of a prob- 
lem, since a chemical rocket with large quantities 
of fuel would presumably be needed for the return 
trip. Possibly such a rocket could be hauled up from 
the Earth’s surface to the orbit without 
its fuel, and the gaseous fuel collected by long-range 
spaceships from the atmosphere of various planets— 
possibly oxygen from the Earth and hydrogen or 
methane from Titan, the satellite of Saturn. All this 
material could then be glided down to the surface of 
Mars. After exploration of the planet, the chemical rocket 
could be assembled and ascent to a circular orbit made. 

Evidently the electrical rocket 
could open up many possibilities for interplanetary 
travel. Only the future can reveal to what extent 
these possibilities may be realized. _ 
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Appendixes 
1 Power-Weight Ratio 


We consider the power consumed in an ideal rocket 
in which the atoms in the rocket jet have no random 
motion. Let N atoms per sec, each of mass m, be 
propelled away from the rocket at a speed v,. Then 
the total backward momentum imparted to the atoms 
per see will be Nmv,; if MW is the mass of the ship, 
and a its acceleration, then 


The energy imparted to each atom is mv,?/2. Hence 
the power P, in watts, is given by 
| | [2] 
Combining Equations [1] and |2] we have 


Equation [3] gives the power-weight ratio for a given 
acceleration and atomic velocity v,. For an accelera- 
tion of 0.3 cm/sec’, sufficient to attain a velocity 
of 15 km/see in two months, and for a value of v, 
equal to 100 km, sec, sufficient for a total velocity 
change of 30 km/sec with a mass ratio of about 1.3, 
we find 

P 


0.15 watt/gram.... 


corresponding to a weight-power ratio of 11 lb per hp. 
Thus, for a ship with a mass of 10 tons, the power 
capacity must be roughly 2000 hp, or about 1500 kw. 


2 Radiation Shielding 


We compute the distance at which personnel will 
be safe from the neutrons produced in a uranium or 
plutonium pile, generating 1,500,000 watts. With 
an ideal efficiency of one-half and an actual efficiency 
of perhaps one-third, the total heat generated will 
be three times the electrical power produced. Let 
N,, be the number of neutrons liberated per sec. Since 
one neutron per fission must go to sustain the reaction, 


— 1) 
= 
where y is the number of neutrons per fission, and 
E, is the energy released per fission, in ergs. While pre- 
cise values of y are not apparently available, this 
quantity is somewhat greater than unity. The energy 
E, is about 3-10~*. If none of the excess neutrons 
liberated were absorbed, the flux of neutrons F,, per 
sq em at a distance r centimeters would be given by 
Nn 
F, = 
4ar? 
If we combine these equations we find that at a distance 
of 100 km from a reactor with an electrical power of 
1.5 X 10° watts, 


F, = 


1.3-10%(y — 1) neutrons/em? see ......... [7] 


A 
= 
| 
If 1i , 
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dosage for continuous exposure to fast neutrons.‘ 
For comparison, a lethal dose within a short period 
would be 5-10" neutrons per sq cm. At the rate 
obtained from Equation [7] about a hundred years 
would be required for a dose of this magnitude. It is 
well known that over a long period of time the human 
body can stand without any injury many small succes- 
sive doses of radiation, which would be fatal if received 
all at once. Consideration of additional neutron ab- 
sorption within the pile would presumably reduce the 
neutron flux even further. 
The computation of the gamma-ray flux is somewhat 
; more complicated. The lethal dosage of gamma 
rays corresponds to about the same flux of photons 
: per sq cm as the lethal dose of neutrons, in neutrons 
per sq cm. Since one would expect the number of 
gamma rays and neutrons produced in fission to be 
roughly equal, one may conclude that at 100 km the 
- gamma-ray flux will also be below the safe limit. 
A more detailed analysis of gamma rays would be 
~ necessary for conclusive results, however, especially 
since the absorption of gamma rays within the pile 
will probably be less than the absorption of neutrons. 


Problems of Cooling 


The generation of electrical power by means of a 
heat engine requires that the heat produced at a tem- 
perature 7, be conveyed toa “sink” at a temperature 
T2. The ideal efficiency is (7;—72)/7,. In interplane- 
tary space the only way heat can be dissipated is by 
radiation, and the radiating surface A, must be sufficient 
to radiate at the temperature 7, the heat flowing to it. 
If Q represents the heat radiated per sec, measured 


here in watts, 
— T: 


_ where z is the ratio of the actual efficiency of power 
- generation to the ideal efficiency. The heat radiated 
per sec from the surface, if we assume this is a perfect 

absorber, is given by 


Combining Equations [8] and [9] we obtain for 4, 


PT, 


We shall assume here that 7, is 900 K (627 C) and 
Tz is 450 K (177 C). If we let z = 2/3, the over-all 
efficiency of the heat engine = '/3 and, if P is 1,500,000 
watts, we find, for the assumed 10-ton ship, 


This would yield a cooling area roughly 30 meters 
square, radiating on both sides. 

_ 4 The author is indebted for this figure to L. R. Shepherd, who 
kindly pointed out an inaccuracy in an earlier version of this paper. 


4 Electrical Acceleration of the Propellant: 


We compute the electrical current required to 
accelerate a beam of ions for rocket propulsion. The 
current is related to the power P, in watts, and the 
potential V in volts by the relationship 


The potential V across which the ions are accelerated 
is determined from the energy equation _ 


where ¢ is the charge on each ion, equal to 4.8 K 10-" 
electrostatic units if each ion is singly charged, and m 
is the mass per ion. For nitrogen atoms, m is 2.32 X 
10-3 gm, and if we again let v, equal 10’ cm/sec, 
we find 


[15] 
Thus, for a power of 1,500,000 watts, we have 


With so large a current, space-charge limitations 
must be considered. If the potential drop V occurs 
across a gap x, the maximum current density, 7 amp 
per cm”, is given by 


The area A; of the ion source is evidently given by 


If we substitute 7 from Equation [13], for 7 from Equa- 
tion [17] and for V from Equation [14], we find 


A; 


For a power of 1.5 X 10° watts, a velocity v, of 107 
cm/sec, an accelerating gap of 0.1 cm, and for nitrogen 
ions as the propellant, we find 

This area of about 7 square meters required for the ion 


source is much smaller than the area required for 
radiative cooling. 
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Letters to the Editor 


Boundary Conditions in the Theory of 
One-Dimensional Flame Propagation’ 
HOWARD W. EMMONS? 


Department of Engineering Sciences and Applied Physics, 
Harvard University, Cambridge, Mass. 


In a discussion of boundary conditions for use in flame 
speed calculations, Adamson comments on the condi- 
tions used by Hirschfelder, and Emmons, and proposes 
another set himself. A set of differential equations ex- 
presses the conditions that have to be met in the inte- 
rior of a region (of the independent variables), while the 
boundary conditions define in mathematical form the 
particular problem whose solution is sought. To state, 
as Adamson does, that three different boundary condi- 
tions are used, is merely to say that three different physi- 
‘al problems are being solved. 

Since in each of the three cases the desired informa- 
tion was the flame speed in a given (idealized) combus- 
tible mixture, and not the detailed solution of a given 
flow system, the important question is the relation of 
the assumed boundary conditions to the resultant flame 
speed. My work showed that if all possible values of 
some parameter (say 7')) defining the cold boundary of 
the combustible stream are chosen, then for the usual 
ranges of mixture heating value essentially the same 
flame speed is obtained for essentially all values of the 
parameter. Thus, in particular, this same plateau 
ralue of flame speed is obtained by Hirschfelder’s or 
Adamson’s cold boundary condition. In general, a 
multiply infinite set of other cold boundary conditions 
will also lead to the same value of the flame speed 
(same within, e.g., 1 part in 10°). 

From the point of view of the determination of a 
flame speed for ordinary combustible mixtures then, the 
cold boundary condition is of little importance. 

The cold boundary condition becomes of major im- 
portance when a mixture is such that it is barely able to 
support combustion. The boundary condition is then 
very important for very rich or very lean mixtures, for 
very poor fuels, and perhaps for blow-off conditions. 

If these questions are being studied, it is clear that a 
more precise determination of the cold boundary con- 
ditions are required. By more precise, I mean a mathe- 
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matical statement that is related more accurately to the 
experimental or practical case of interest. 

For example, in the solution by Emmons, Harr, and 
Strong, the premixed combustible was supposed to 
have flowed together a considerable distance before ap- 
preciable temperature changes had occurred. Under 
these conditions, the heat loss to passage walls can be 
large compared to the effect of heating from the flame. 
When such wall-cooling is included, there generally will 
be a sufficient (but very minute) disturbance of the one- 
dimensionality of the flow to give the plateau value of 
flame speed. 

When studying the failure of a given mixture to burn 
or to maintain combustion at a given flame holder, such 
minute effects may be of critical importance. That 
considerations such as these are indeed important may 
be inferred from the fact that combustion test results 
generally do not scale, i.e., test results obtained on 
small apparatus cannot be correlated with similar re-— 
sults from large apparatus. This of course means that | 
some of the pertinent variables are unknown and these — 
may well include such things as passage wall properties 
and ambient conditions as well as the physical and — 
chemical properties of the combustible mixture. 


Comments on Adamson’s Letter on the © 
Theory of One-Dimensional Flame 
Propagation 
JOSEPH O. HIRSCHFELDER' and 
CHARLES F. CURTISS! 


University of Wisconsin, Madison, Wisc. 


T. C. Adamson, Jr., has made an interesting analy-— 
sis? of boundary conditions in the theory of flame propa-_ 
gation on the basis of our earliest publication on this — 
subject. However, since that publication we have done — 
a great deal of work in the development of the theory | 
and have studied the boundary conditions exhaustively. 
At the present time we are preparing a manuscript on — 
this subject for submission to the Journal of Chemical — 
Physics for publication. It is interesting to see that — 
an infinitesimal amount of energy transferred from the | 
flame to the flame holder can serve to stabilize the flame — 
In this sense the significance of the cold 


ry 


velocity. 
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boundary conditions can be thought of as equivalent 
to mathematical conditions for stability. In order 
to give a more detailed comment it would be necessary 
to present our full analysis, for which the reader is re- 
ferred to the aforementioned paper. 


Resistance to Thermal Shock _ 


E. MAYER! 
The M. W. Kellogg Co., Jersey City, N. J. - 


By analysis of the nonsteady thermal stresses de- 
veloped in a slab of material in unidimensional heat 
flow, Cheng (1)? obtains as a criterion for the resistance 
to thermal ck 


(1] 
a@ET,) o* max 
where failure of the material is predicted for S less than 
unity. Besides the material properties appearing ex- 
. plicitly in Equation [1] (Poisson’s ratio », ultimate 
strength oo, thermal expansion coefficient a, Young’s 
modulus £), the expression for S involves the thermal] 
conductivity k, slab thickness b, and heat transfer coef- 
— ficient h which enter into o*,,,,x, the dimensionless maxi- 
mum stress in the slab developed under the given condi- 
tions of heat transfer, i.e., specified h and source tem- 
perature 7>. For k/hb > 10, Cheng finds 
7 1 3k 


max hb 


- which, substituted in Equation [1], shows a propor- 
tionality between S and k as found in the tests by Lid- 


- man and Bobrowsky (2), provided h is assigned the 
~ value 50 Btu/ft? hr F or less. 
In typical rocket engineering applications, h varies in 
the range 200 ~ 3000 Btu/ft? hr F, and the param- 
eter k/hb is usually much less than 10, particularly 
for thick refractories of low thermal conductivity. A 
detailed study of this regime of k/hb shows in effect a 
7 weaker than linear dependence of resistance to thermal 
shock on the conductivity k, in agreement with data 

- quoted by Norton (3). 
It may be noted further that when Equation [1] is 
applied to a large variety of refractory materials (4) 
_ under the conditions k/hb < 1, T> > 3000 F, the above 
 eriterion predicts failure which is not in fact observed. 
_ This can be readily understood if one considers that the 
 o* max Computed on the basis of temperature-independ- 
ent material properties, heated (or cooled) for a suf- 
ficiently long time, may not actually be developed under 
_ the particular conditions of the test. For, on the one 
hand, the elastic behavior postulated in Cheng’s deri- 
vation is rarely realized at higher temperatures, and 
- some easing of the stresses is bound to occur due to 
yielding or plastic flow of the material. On the other 
hand, the times required for the attainment of o* 
depend inversely on the heat capacity (per unit vol- 
ume) of the material, so that, under short-time heat 
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transfer conditions, the heat capacity also enters as a 
parameter in the determination of the maximum stres- 
ses. These considerations lend emphasis to the au- 
thor’s concluding remarks that the results on thermal 
shock resistance obtained from tests on special speci- 
mens are not sufficient to predict the performance of 
the material under particular design and heat transfer 
conditions. Nevertheless, the general correlation of 
the criterion in Equation [1] with test data strengthens 
the plausibility of the viewpoint that thermal shock 
failure is essentially failure under combined thermal 
and mechanical stresses. From this viewpoint the 
problem of designing against thermal shock reduces to 
a problem in stress analysis, in which a straightforward 
account is taken of the nonsteady thermal stresses as- 
sociated with nonsteady temperature distributions. 
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Energy from the High Atmosphere 
N. C. GERSON! 
Air Force Cambridge Research Center, Cambridge, Mass. 


Several suggestions have been made to the effect that 
large amounts of energy may be extracted from the 
higher reaches of the atmosphere. From about 80 km 
upwards solar energy is stored in photochemical reac- 
tions which proceed in the forward direction during 
sunlight. The reverse reactions which may proceed 
either during sunlight or darkness return the en- 
ergy to the atmosphere. These processes include ex- 
citation, dissociation, and ionization. In order to de- 
termine the possible magnitude of the energy stored in 
this fashion, several typical examples will be chosen. 

The ionized and dissociated properties of the high 
atmosphere which will be quoted below are those com- 
monly accepted? *. In this-paper the terminology em- 
ployed to indicate the higher atmospheric shells and 
their correspondieg approximate altitudes at (45° N or 
S) are: ionosphere, 80-140 km; mesosphere, 400-1000 
km; and exosphere, above 1000 km. 

Consider first the energy absorbed per sec in ionizing 
a typical fraction of air, molecules in a unit volume. 
Assume that 30 ev are absorbed per ionization and that 
10° ion-pairs/sec are produced. On this basis 3 X 104 
ev/cm’ sec, or approximately 5 10-' watts/cm', 
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are absorbed. The entrapped solar energy in one cubic 
kilometer would be about 5 watts, so that to light an 
ordinary tungsten electric bulb it would be necessary 
in some fashion to wring out this newly delivered solar 
energy from 20 cubic kilometers during each second. 
If this rate of ionization occurred on the average 
throughout a thickness ot one kilometer, the total 
available power in the sunlit portion of the atmos- 
phere would be about 10° kw. 

Consider, secondly, the energy available because of 
the persistent electron density. In the F, ionospheric 
region, the electron density is about 10°/em*. With 
an ionization potential of about 15 ev, the energy availa- 
ble per unit volume if all ions were neutralized in one 
second is 2.3 X 10~-' watt/em*, or about 2 kw/km*. 
If this degree of ionization were found throughout the 
entire sunlit hemisphere, about 10° kw would be po- 
tentially available again. (Obviously, once the ionized 
layers were neutralized, some finite time would be re- 
quired to restore them to the ionized state.) In this 
connection a comparison with the solar energy delivered 
to the top of the atmosphere is desirable. The solar 
constant is about 2 gram calories/em? min. If this 
energy appears on the sunlit portion of the atmosphere 
at the base of the exosphere, the energy input to the 
terrestrial atmosphere is about 5 X 10'*kw. However, 
the exact value of the solar constant is by no means 
known and may be larger than that given above. 

Thirdly, the energy stored in the dissociation of mo- 
lecular oxygen may be considered. If the maximum 
number density of atomic oxygen is 10'?/cm’, the availa- 
ble energy, considering the dissociation potential of 
5 ev, is 8 X 10 watts/cm’, assuming complete as- 
sociation in one second. This energy is equivalent to 
8 X 10° watts per cubic kilometer, or about 10'* kw 
(in a layer one kilometer in thickness) over the entire 
sunlit hemisphere. 

Finally, consider the energy available to an injected 
particle because of the high temperature in the iono- 
sphere, about 3900 K at 400 km. The heat transfer to 
a unit volume of iron originally at a temperature of 300 
K would raise the temperature of the steel infinitesi- 
mally. If this unit volume of iron passes through 1000 
km of air at a number density of 10'/cem? and at an aver- 
age temperature of 2500 K, however, the temperature 
rise in the unit volume of steel would be about 0.01 K 
(assuming temperature equilibrium between this vol- 
ume of air and the unit volume of iron). Note that this 
figure does not consider the effect of dynamic heating 
which under proper circumstances may be considerable. 

The examples above err on the conservative side. 
An ion production of 1000/cm* see within the F ionic 
regions may be possible, but this value would be 
scarcely expected to occur at all zenith angles and 
throughout an extensive depth in the terrestrial at- 
mosphere. Similarly, the figure of 10° ions/em* for 
the F. layer occurs at noon and decreases to 10°/em? at 
zenith angles of about 90 deg. Refinements to the con- 
servative estimate chosen would probably not exceed a 
factor of 10-?. These examples nevertheless indicate 
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the small amount of energy available from ionization in. 
the high atmosphere. 

An example of the utilization of this energy by a 
rocket may be mentioned. Consider the diameter of 
a rocket to be about 15 meters, and that in its travel — 
through the ionized region it extracted the ionization — 
energy from all ion pairs encountered. During its— 
traversal of the ionosphere, the rocket would burrow a 
tunnel of about 10'* cm*/sec at the escape velocity. 
With a reasonable density of 10° ions/cm? in the # layer — 
and an ionization potential of 15 ev, the power availa-_ 
ble to the rocket from all the ions neutralized is 0.5 — 
watts. In the F layer, the energy would be greater by 
a factor of 10. At its speed of 11 km/sec, the rocket 
could traverse a circular orbit at 300 km (the F layer) — 
in about 1 hr, thereby storing in its storage unit 5 
watt-hr of energy. (A lead storage battery is usually — 
rated at about 4 kwhr.) If, however, the rocket — 
traveled at an altitude somewhat above 100 km and— 
completely absorbed the energy of dissociation of | 
molecular oxygen throughout the tunnel it burrowed, 
the energy available (per sec) would be about 10* kw. 
At this altitude one traversal at a speed of 11 km/sec 
would thus store 10° kwhr. 

The above examples indicate that the stored energy | 
available in the ionosphere in the form of ionized par-— 
ticles is small but that the energy available from dis-— 
sociation is much larger. In any event, even the energy | 
from the latter source is probably smaller than that _ 
which may be obtained from other means. 
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HE Glenn L. Martin Company announced that 
the first of its two experimental XB-51 bombers 
has been flown to Edwards Air Force Base, Muroc, 
Calif., to undergo additional flight testing. The three- 
jet-engine, swept-wing plane has completed its test 
flight program at Martin Airport, Baltimore. 


+ + 


THE Air Force has released a picture (Fig. 1) of the 
Boeing XB-52 eight-jet-engine heavy bomber, the 
Stratofortress. The eight Pratt & Whitney J-57 turbo- 
jet engines are undergoing engine run-ups at Boeing 
Field, Seattle, Wash. No further details of the air- 
craft have been released. 


FIG. 1 BOEING STRATOFORTRESS SWEPT-WING JET BOMBER 


PICTURED in Figs. 2 and 3 is the Republic XF-91 
high-altitude interceptor fighter powered by turbojet 
- engine and rocket motors. The XF-91 was developed 
and built by Republic Aviation Corporation. 


-~ + + 


AN idea of the use of aircraft armament rockets can 
be obtained from the eighteen 5-in. rockets in place 
under the wings of the Republic F-84F swept-wing 
fighter bomber shown in Fig. 4. The F-84F fighter’s 
_ performance far exceeds that of the Republic’s F-84E 
_ currently being used by the United Nations in Korea. 
_ The F is capable of very high speeds and exceptionally 
long-range operations. As a ground-support plane, 
it is designed to carry more armament than the F-84E. 
‘The F-84F has a wing span of 34 ft, over-all length of 
43 ft, and is 14 ft high at the top of its rudder fin. Its 
- maximum design gross weight at take-off is approxi- 
mately 25,000 Ib. 


+ + + 


THE first flight of Chance Vought Aircraft’s F7U-3 
Cutlass, designed to out-fly or out-fight any other 
_ carrier-based fighter airplane in the world, has been an- 
- nounced by the Navy. The F7U-3, powered by two 


Allison J-35-A-29 turbojet engines, is superior to the 
F7U-1 in climb, speed, armament, and range. The 
sweptback-wing tailless fighter has a dual power control 
system, the first to be installed in any Navy fighter 
aircraft. Manual controls have been eliminated en- 
tirely, and each of the two power systems is completely 
independent so that neither can fail because of a break- 
down in any component of the other system. 


+ + + 


SUCCESSFUL first flight of the Navy’s XA2J-1 
North American ‘Savage’ in Los Angeles, January 4, 
brought to four the number of turboprop-powered air- 
craft now flying in this country. Two Allison T40 
turboprop engines produce more than 11,000 equiva- 
lent shaft hp for the XA2J-1. Rated at over 5500 
equivalent shaft hp at a weight of 2500 lb, the T40 is 
the most powerful propeller-type aircraft engine for its 
size and weight in the world. Designed as a twin-unit 
engine, the T40 is made up of two identical power sec- 
tions which are connected by extension drive shafts to 
a single reduction gear. 


+ + +> 


THE English Gloster Company has developed the 
world’s first twin-jet-engine delta-wing fighter desig- 
nated the GA5. Powered by two Armstrong Siddeley 
Sapphire turbojets (7200-lb thrust each), the GA5 is 


FIG. 3. XF-91 IN FLIGHT 
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an all-weather day-and-night fighter built to the same 
specifications as the de Havilland 110. 


+ + + 


THE Royal Swedish Air Force has accepted deliveries 
of the Saab-J-29 swept-wing fighter powered by the de 
Havilland Ghost built under license in Sweden. The 
top speed of the J-29 is of the order of 650 mph. The 
Saab works at Linkoping has also accepted authoriza- 
tion from the Swedish Air Force to construct a delta 
wing night fighter, the J-1200, for all-weather operation. 

+ + + 


A RAMJET-powered research monoplane, the 0.10, 
developed by Leduc has undergone extensive flight 
tests in France. Originally air-launched from a Lan- 
guedoc, the plane may soon be launched by a catapult. 


+ + 


IT has been reported that Douglas Aircraft Com- 
pany has completed its supersonic, high-altitude re- 
search plane, the X-3, which is powered by a Westing- 
house J-40 engine. 

+ + + 


THE French are experimenting with two new air- 
craft in the over-600-mph class. One, the SNCASO 6026 
Espandon jet fighter, is equipped with a rocket motor 
installed under the turbojet nozzle. The second plane 
is the SNCASO M2 Rolls-Royce Derwent-powered 
fighter. 


+ + + 


THE Australian Department of Defense is experi- 
menting with both a piloted and a pilotless version of 
the first all-Australian jet-powered aircraft. The 
radio-controlled target aircraft and the piloted version 
have a wing span of under 20 ft, a length of about 22 ft, 
and are powered by the Armstong Siddeley Adder 1 
turbojet engine. This engine, especially designed for 
the project, has a ten-stage axial compressor, a two- 
stage turbine, six combustors, and an OD of 22 inches. 

+ + + 

OPERATING under a Navy contract, Kaman Air- 
craft Corporation has installed a 175-hp Boeing XT-50 
gas turbine in a Navy K-225 helicopter to conduct a 
series of flight tests on the new power plant (Fig. 5). 
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The turbine is similar to a turboprop installation in an 
airplane in that the turbine delivers mechanical power 
to the rotors. Although this turbine has undergone 
tests in land and water vehicles for some time, this is 
the first application of the turbine in a _ helicopter. 
Kaman engineers predict marked increases in the heli- 
copter’s performance as compared to the same machine 
powered by a conventional piston engine. This in- 
creased performance results from the reduction in 
weight of the power plant. The XT-50 weighs approxi- 
mately one half as much as the conventional engine 
and, unlike the piston engine, the turbine requires 
neither a centrifugal clutch nor a cooling fan. 
+ + + 

IT is understood that the Air Force is continuing work 
on its Piasecki XH-16 turbine-powered helicopter. 
The XH-16 will carry 44 passengers and will eventually 
be powered by two Allison T-38 turbines. 


Turbojet Engines 


THE U. 8. Navy has selected the Pratt & Whitney 
Aircraft T34 Turbo Wasp for installation in two Lock- 
heed R70-1’s in a program designed to test turboprop- 
powered transport aircraft) The R70-1 is the Navy 
version of the new Super Constellation commercial 
transport. The four T34 engines will replace the four 
Wright R-3350 compound engines which were origi- 
nally installed in the R70-1. 

An Air Force contract for work on an atomic aircraft 
engine has been awarded to Pratt & Whitney Aircraft 
division of United Aircraft Corporation. The U.S. 
Atomic Energy Commission is co-operating in consid- 
eration of the nuclear energy phase of this work. The 
research department of United Aircraft Corporation 
participated in the original postwar exploration of the 
possibilities of utilizing atomic power for aircraft, 
known as the NEPA project, which was jointly spon- 
sored by the Air Force and the AEC. P & WA will 
absorb many of the engineers who worked on the NEPA 
Technical supervision of the nuclear engine 
Parkins, P «& 


project. 
project will be assigned to Wright A. 


WA engineering manager, and Perry W. Pratt will be 
assistant chief engineer. 


FIG. 5 KAMAN HELICOPTER WITH BOEING GAS TURBINE 
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THE nation’s first “jet-propelled laboratory” for 
high-speed flight testing of turbojet engines of advanced 
design has been placed in operation by the General 
Electric Company. The laboratory is a four-jet North 
American B-45 bomber which is equipped to carry a 
fifth test engine in a specially designed nacelle under 
the bomb bay. The bomber was assigned by the U. 8. 
Air Force to the company to flight-test the GE’s latest 
model, the J-73, and the J-47-GE-17 reheat engine. 
The test engine nacelle is partially retractable into the 
bomb bay when not in use and will accommodate turbo- 
jet engines considerably larger than any yet announced. 
Many hundred special instruments have been installed 
to record every phase of the test engine’s performance 
in flight. 

+ + + 


THE French turbojet engine, Atar 101C, now under- 
going bench tests at Villaroche, is reported to develop 
a maximum thrust of 6614 pounds without water in- 
jection or reheat. 

+ + + 


AN afterburner is being manufactured by the Solar 
Aircraft Company for the A. V. Roe Canada “‘Orenda”’ 
jet engine, reported to have a thrust of over 7000 lb. 

+ + 


A CRACK crew of mechanics at Wright-Patterson 
Field changed a Lockheed F-80 engine in the record time 
of 5 min, 50 sec. The feat included dismantling the 
aircraft, removing the old engine, installing a new en- 
gine, installing the aft fuselage, and bringing the new 
engine up to idling speed. 


Test Facilities 


TEN new jet-engine test stands, replacing those de- 
stroyed in last summer’s explosion, will be constructed 
on a new land site recently acquired by Allison Division, 
General Motors, near its Plant 5 in Indianapolis, Ind. 
A 125,000 sq ft building will also be erected for fabrica- 
tion and assembly of experimental engines. 

+ + + 


USAF will finance part of the cost of modernizing 
the wind tunnel at Cornell Aeronautical Laboratory so 
that tests at supersonic speeds may be made. 

SWEDEN, doing extensive research on turbojet 
engines, has built a unique jet-engine test facility at 
Trollhatton. A large air chamber has been carved out 
of rock 280 ft below the level of a river near Trollhatton. 
During test operations, part of the river is diverted down 
a tunnel into the chamber, thus compressing the air 
which is fed through another tunnel into the engine test 
stands. It is possible to run 40-min engine tests at 
almost constant pressure with the system. Com- 
pressed air supplied by three electrically driven com- 
pressors forces the water out of the chamber. Many 
of Sweden’s aircraft manufacturing facilities are under- 


Rocket News 


A LONG-RUMORED alliance of Aerojet with two 
Italian firms for the manufacture of rockets in Italy 
has been confirmed. Aerojet has combined with FIAT, 
one of Europe’s largest industrial organizations, and 
Industrie Meridionali Munizioni Affini (IMMA), a 
supplier of rocket propellants, in establishing an Italian 
company known as Compagnia Generale Italjet for 
the purpose of manufacturing and selling rockets to 
the friendly nations of western Europe. Headquarters 
of the company are in Rome. Italjet has already re- 
ceived a provisional order for training rockets for the 
Italian Air Force, and is preparing technical informa- 
tion for a bid on 5-in. rockets. 


+ + + 


~ ~ THE ONR and OAR are jointly sponsoring an in- 


vestigation of the potentialities of different acetylenic 
compounds for use as rocket fuels at New York Uni- 
versity’s Engineering Research Division. 


+ + 


IT is understood that the Air Force has been in dis- 
agreement with the Army Ordnance Corps in matters 
concerning the development and purchase of special 
weapons for combat planes. One of the sore points 
was the Air Force’s negotiation with the American 
branch of Oerlikon Machine and Tool Works, Buehrle 
& Co., of Zurich, Switzerland, for the air-to-air rocket 
manufactured by the Swiss company. The Army has 
been traditionally opposed to dealing with any inde- 
pendent and privately owned producers of complete 
weapons. Moreover, the Air Force, under Air Force 
Regulation 136-1, still has a policy that declares that 
the service will carry out its development of weapons 
“within United States industry.” Nevertheless, the 
outstanding performance of certain Oerlikon items has 
attracted the attention of Air Force technical officers. 


Personalities 


Frank L. Snyper has been named manager of West- 
inghouse Electric’s Gas Turbine Division, succeeding 
W. B. Anderson who has been appointed assistant to 
the executive vice-president, defense products, of the 
Company. 

+ + + 

GARDNER D. Carr has been appointed assistant to 
the president of Marquardt Aircraft Company. Carr 
has been director and vice-president of Boeing Airplane 
Company, vice-president of Glenn L. Martin Company, 
and executive vice-president of McDonnell Aircraft 
Company. Carr brings a rich background of produc- 
tion experience to the ramjet power-plant program now 
under way at Marquardt. Four additional division 
head assignments have been announced in the Engineer- 
ing Department. Robert E. Fisher is chief of aerody- 
namics, Malcolm 8. Harned is chief of preliminary de- 
sign, Robert K. Wead is chief production engineer, and 
Norman Svendsen is chief of design. 
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GayLorD P. HARNWELL, chairman, Department of 
Physics, and director, Randall Morgan Laboratory of 
Physics, of the University of Pennsylvania, has been 
appointed chairman of the Committee on Ordnance of 
the Research and Development Board, Department of 
Defense. Dr. Harnwell has been associated with mili- 
tary research and development since 1941. 

+ + + 


J. B. Epwarps, project engineer of the DC-6, has 
left the Douglas Aircraft Corporation to become chief 
engineer for Hiller Helicopter Company of Palo Alto, 
Calif. 


+ + + 


HersBert A. Exion, formerly project engineer at the 
M. W. Kellogg Company, has joined the research staff 
of Paul Rosenberg Associates, consulting physicists, 
Mount Vernon, N. Y. 


Combustion Studies with a Rocket Motor 


(Continued from page 85) 


sufficient to sustain the wave. This analysis shows 
that a requirement for high-frequency instabilities, 
with the second theory, is an injector which will give 
maximum combustion close to the injector face. 

In regard to the question the authors brought out on 
the complications introduced by the 0.1 lb/sec of nitro- 
gen used to cool the quartz window, we might point 
out that with a lucite rocket chamber, which was viewed 
by the same technique at the Lewis laboratory, identical 
results were obtained. Since this rocket did not have 
any cool gases flowing past the window, the interpre- 
tation was somewhat simplified and, as identical re- 
sults were obtained, it is very unlikely that the nitrogen 
produced any serious changes in the combustion proc- 


ess. 


Photographic Techniques Applied to Combustion Studies 
(Continued from page 91) 


the Aerojet organization who helped with this work. 
Acknowledgments must especially be made to H. L. 
Coplen and E. R. Petau for the thrust-chamber and 
injector designs. Operation of the equipment was at 
various times under the supervision of Test Engineers 
W. D. Stinnett, S. Herzfeld, and J. C. MeConahay. 
Also, L. Black and W. Koutnik of the Instrumentation 
Group were very helpful. 
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American Rocket Society News 


By H. K. WILGUS, Associate Editor 


Joint ARS-IAS Rocket Propulsion Session 


HE papers presented on February 1, 

1952, at the technical session on rocket 
propulsion, cosponsored by the American 
Rocket Society at the Institute of the 
Aeronautical Sciences Annual Meeting 
January 28-February 1, 1952, New York, 
N. Y., covered a broad range of subjects 
pertinent to rocket activities. C. W. 
Chillson presided, following the custom of 
the IAS of having the president of the col- 
laborating Society act as chairman at such 
joint sessions. The attendance of over 
350 may be considered as indicative of the 
growing interest in rockets. 

The first paper, ‘(Range Formulas for 
Rocket-Powered Aircraft,” by R. W. 
Allen, described the development of range 
formulas for two types of rocket paths and 
compared them with those for an air- 
breathing engine system following a 
Breguet path (constant lift-to-drag ratio, 
constant velocity, and thrust equal to 
drag). A constant thrust rocket-powered 
system always gave less range than the 
air-breathing engine following the Breguet 
path, while a rocket-powered airplane 
with a constant thrust phase followed by a 
glide path was found to have potentially 
greater ranges than those of the air- 
breathing engine under certain circum- 
stances. The formulas developed by Mr. 
Allen and the curves presented are capable 
of ready extension to cover cases other 
than those which he considered. 

The second paper, “Large Scale Pro- 
duction and Handling of Liquid Hydro- 
gen,”’ by H. L. Coplen, described in con- 
siderable detail this interesting project 
which was undertaken by Aerojet Engi- 
neering Corporation with the assistance of 
H. L. Johnston of the Ohio State Univer- 
sity Research Foundation, who acted as 
consultant. Some 7400 lb of liquid hydro- 
gen was produced with this plant during a 
period of approximately six months. The 
schematic flow diagram as well as pictures 
of the installation and drawings of critical 
elements were included, together with de- 
scriptions of some of the special require- 
ments and particular precautions neces- 
sary to produce this liquid, boiling at only 
34 F above absolute zero. Based on the 
experience gained with this unit, a larger 
unit was designed with a capacity of ap- 
proximately 3000 lb per day. While the 
first unit employed a high pressure system 
(approximately 2000 psig) and obtained 
cooling by the Joule-Thomson effect as 
the hydrogen was expanded through 
throttling valves, it was found desirable in 
the larger unit to specify a low-pressure 
(approximately 220 psig) closed-cycle 
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helium refrigeration system employing 
three turbo expanders to extract work from 
the refrigerant at steadily decreasing tem- 
perature levels. This refrigeration sys- 
tem would be used to condense gaseous 
hydrogen at nearly atmospheric pressure. 
In addition to discussing the production 
phase, Mr. Coplen also covered require- 
ments for storage and handling. He dis- 
cussed also the materials of construction, 
the problems of insulation, and pre- 
sented an analysis of storage losses includ- 
ing those associated with the exothermic 
ortho-para conversion of hydrogen. He 
also commented on safety precautions 
which he indicated on the whole to be less 
rigorous for liquid hydrogen than for high- 
pressure gaseous hydrogen. In general, 
this paper gave a very complete picture 
and was refreshingly free from security de- 
letions. 

The final paper by Paul F. Winternitz 
on “The Role of Research in Rocket De- 
velopment” traced the history of research 
contributions to the rocket field and took a 
long-range look at the problems of the 
future and the fields of research poten- 
tially involved. Dr. Winternitz postu- 
lated the ultimate problem as being one of 
the expansion of inhabitable space, with 
the rocket being the only power plant 
capable of transporting man and his ef- 
fects to other planets or to man-made 


F. WINTERNITzZ 
Director of research, Reaction Motors, Inc., 
whose paper was presented at the IAS An- 
nual Meeting, Feb. 1, 1952. 


satellites. He emphasized the delays in 
the transmission of fundamental know]- 
edge from the research worker to the engi- 
neer, stating that ‘‘this is. ..for progress, 
the rate-determining step,’ and pointed 
out that “in fact, quite efficient rockets 
might have been built with the knowledge 
available fifty years ago.”’ 

Preprints of the above papers are availa- 
ble from the Secretary of the Society at 
$0.50 per copy for nonmembers; $0.25 per 
copy for members. 


B.1.S. Journal Available 
to ARS Members 


HE American Rocket Society cur- 

rently receives from the British Inter- 
planetary Society, on an exchange basis, a 
limited number of copies of its Journal. 
This publication specializes in articles and 
discussions on a professional] plane cover- 
ing many aspects of the speculative field 
of space travel. Since insufficient copies 
are received to permit distribution to all 
ARS members, and since some members 
are more interested than others in this 
phase of rocket technology, the Board of 
Directors has decided to distribute these 
Journals upon request, within the limit of 
copies available. A handling fee of $1.00 
is charged for a subscription to all six 1952 
issues. Address your request, together 
with check or money order, to: Secre- 
tary, American Rocket Society, 29 West 
39th Street, New York 18, N. Y. 


Netherlands Society for 
Space Travel Founded 


N December 21, 1951, the Neder- 

landse Vereniging voor Ruimtevaart 
(Netherlands Society for Space Travel) 
was founded at Dordrecht, Holland. 

This Society is devoted to the promotion 
of interest in and the study of space travel 
and rocket engineering in all their aspects. 
For that purpose the Society will publish 
papers, organize meetings, exhibitions, and 
film presentations. 

Foreign members will also be accepted. 
As a tentative arrangement, the Society 
will be an affiliate of the Royal Nether- 
lands Aero Club with the exceptional regu- 
lation that members of the Netherlands 
Society for Meteorology and Astronomy 
(Nederlandse Vereniging voor Weer-en 
Sterrenkunde) may also become members 
of the Netherlands Society for Space 
Travel. 

The provisional Council is composed of 
the following: Chairman, J. M. J. Kooy; 
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Vice-Chairman, J. J. Raimond, Jr.; Secre- 
tary, J. de Groot; Council Members, J. 
Geertsma, J. H. Houtman, G. de Koningh, 
and J. v. d. Vliet. 

Those who are interested are invited to 
write for further information to the 
Secretary, whose address is Anna Paul- 
ownaplein 3, The Hague, Holland. 


The First International 
Astronautical Congress 
( 1 950)! 

By Frederick I. Ordway 


First International Astronautical 

Congress took place in Paris from 
September 30 to October 2, 1950, in the 
Grand Amphitheater of the Sorbonne. It 
was attended by a large audience, which 
included the reviewer (in a very unofficial 
manner—he was a student at the Sorbonne 
at the time). The most important session, 
open to an enthusiastic public, occurred on 
the 30th of September, while the remaining 
two days were reserved for closed com- 
mittee gatherings. 

Alexandre Ananoff, director of the 
CGroupement Astronautique Frangais, or- 
ganized, almost single-handed, this his- 
toric Premier Congrés International d’As- 
tronautique. Representatives from France, 
England, Germany, Austria, Denmark, 
Spain, and Argentina attended and gave 
The over-all character of the 
meeting was general. The speeches con- 
cerned mainly the Congress itself and the 
fact that astronautics experts and dele- 
gates from many nations had gathered to- 
gether. More technical sessions would be 
reserved for future international reunions, 
the importance of which was agreed by all 
to be great. It was regretted that the 
United States was not officially represented 
and the opinion was that since the U. S. 
does most of the practical work on rockets, 
it had little to gain from such a meeting. 
However, the American Rocket Society has 
since joined the International Astronau- 
tical Federation, and was represented at 
the International 
London, so our position has been clarified. 

Following the discussions, four movies 
were shown, including “The Girl in the 
Moon” (made in 1928 under Hermann 
Oberth’s scientific direction), “Rocket Ex- 
periences at Raketenflugplatz’’ (produced 
by Rudolf Nebel), “V-2 Firings at White 
Sands,” and ‘Destination Moon.” 

The honorary president of the Congress 
was Henri Mineur, director of the In- 
stitute d’Astrophysique; the president was 
Alexandre Ananoff, director of the Groupe- 

Astronautique Frangais. Ther 
also a distinguished committee o 


addresses. 


Second Congress in 


ment 


was 


1 Eprror’s Note: This event has not 
heen reported previously in the JouRNAL. 
In view of the recent affiliation of the ARS 
with the International Astronautical Fed- 
eration, it seems appropriate to complete 
the record with this historical account of 
the origin of the international idea. ) 
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honor of French scientists. The official 
representation was as follows: France: 
H. Mineur, Mme. deVendeuvre, A. Ananoff; 
England: A. V. Cleaver, president of the 
British Interplanetary Society; Germany: 
Mr. Gartmann, scientific director of the 
Gesellschaft fiir Weltraumforschung; Ar- 
gentina: T. Tabanera, president of the 
Sociedad Argentina Inter-Planetaria; A us- 
tria: F. Cap, president of the Oester- 
riechische Gesellschaft fiir Weltraumfor- 
schung; Denmark: Mr. Hansen, vice-pres- 
ident of the Dansk Selskab for Rumfarts- 
Forskning; Spain: T. Mur, president of 
the Asociacion Espanola de Astronautica. 
A special astronautical exhibition was 
held concurrently at the Palais de la De- 
couverte in honor of the Congress. 


Southern California 


Section Meetings 


Hk Board of Directors of the ARS 

Southern California Section met on 
January 4, 1952, at the Pasadena Athletic 
Club, Pasadena, Calif., to review the four 
successful meetings held in 1951, and to 
initiate plans for activities in 1952. 

Following the reports of R. J. Lodge, 
secretary-treasurer for 1951, and B. L. 
Dorman, program chairman 1952 
president, G. L. Sutton, winner of the G. 
Edward Pendray Award for his book, 
“Rocket Propulsion Elements,’’ presented 
the ARS National 


and 


some highlights of 
Convention. 

Plans for 1952 meetings include sessions 
on solid propellants, ramjets, and pulse- 
jets, with emphasis on the continuance of a 
high technical level of membership. 


ARS Convention Papers Read 


On January 24, 1952, at a dinner meeting 


held at the Pasadena Athletic Club, 


Pasadena, Calif., 200 Southern California 
Section members and guests were given an 
opportunity to hear two of the papers that 


had been presented at the ARS National 
Convention. 

The multimillion-dollar rocket test facili- 
ties now under coustruction at Edwards — 
Air Force Base, Calif., was the subject 
of the paper by R. A. Schmidt and D. L. 
Dynes. Capt. Schmidt described the sta- 
tion as one designed to offer great versa- 
tility in propellant utilization, thrust rat- 
ings, engine mountings, and instrumenta- 
tion. The engines to be tested and de- 
veloped there, he said, will include rocket 
engines for missiles, aircraft, and assisted 
take-off units. 

As an added attraction in connection 
with the second “Photographic 
Techniques Applied to Combustion 
Studies in a Two-Dimensional Transpar- 
ent Thrust Chamber,” by J. H. Altseimer, 
of Aerojet Engineering Corporation, high- 
speed films in black-and-white in 
color were shown of a transparent rocket 
motor in action. Mr. Altseimer described 
the facilities and techniques employed 
and pointed out what was perhaps the 
most interesting visual phenomenon— 
the appearance of cylindrical flame fronts 
parallel to the axis of the combustion 
chamber. (See pages 86-91 in this issue 
for the paper printed in full.) 


paper, 


1951 Student Award Presented 


The student paper adjudged best by the 
ARS Awards Committee for 1951 
“Design and Construction of a Hydrogen 
Peroxide Solid Catalyst Rocket,” by 
David G. Elliott and Lee Rosenthal, both 
at the California Institute of Technology. 
Because the recipients had been unable to 
be present at the ARS National Convention 
to accept the Award, a special ceremony 
for the presentation was a feature of the 
Dinner Meeting. 

Mr. Elliott accepted the Award from 
C. C. Ross, member of the ARS National 
Board of Directors, who made the pres- 
entation on behalf of past-president H. R. 
J. Grosch. 
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1951 sTUDENT AWARD PRESENTED 


Mr. Chandler C. Ross presenting the 1951 
Student Award to David G. Elliott (left) at 
the Southern California Section Dinner Meet- 
ing, January 24. 


The paper describes how the students 
designed, constructed, and static-tested a 
liquid-propellant rocket-powered test. ve- 
hicle, finally firing it successfully in an 
area in a California desert. 


COPIES OF PAPER NOW AVAILABLE 
Copies of this paper with illustrations 
may be purchased from the Secretary, 
American Rocket Society, 29 West 39th 
Street, New York 18, N. Y. Order Re- 
print No. 54-52; prices: $0.25 to mem- 


bers, $0.50 to nonmembers. 


New York Section Hears 
Golay on Space Travel 


THe feature of the monthly meeting of 

the New York Section held on Friday 
evening, January 18, 1952, at the Engi- 
neering Societies Building, 29 West 39th 
St., New York, N. Y., was the address by 
Marcel J. E. Golay on ‘Radio Ranging in 
Outer Space.” 

W. Mount first opened the meeting by 
introducing the Section’s new president, 
Lee J. Bregenzer, of the Port of New York 
Authority. Mr. Bregenzer then presented 
the speaker of the evening, Dr. Golay, 
chief scientist, Squier Signal Corps Labo- 
ratory, Fort Monmouth, N. J. Dr. Golay, 
a member of the Signal Corps staff for 
twenty years, is credited with several in- 
ventions used during World War II in 
sound-ranging sets against heavy military 
artillery and in the hydracoustic defenses 
of Puget Sound, Wash. 

Dr. Golay described some systems of 
measurement into outer space and the 
establishment of a communications system 
to guide space ships of the future. The 
task of determining the position and ve- 
locity of a manned rocket within our solar 
system, he said, may prove to be one of the 
easiest of the major tasks imposed by inter- 
planetary travel. 


Present knowledge of radio propagatio 
and electronic techniques, he pointed ou 
permits forecasting of the lines along whic 
interplanetary instruments should be de 
veloped, and of the accuracy to be e» 
pected from them. 

At the Section’s second monthly meetin 
held on February 15, at the Engineerin 
Societies Building, members heard T. } 
Reinhardt of the U. 8. Naval Rocket Tes 
Station, Lake Denmark, N. J., speak o 
“Unusual Applications of the Momentur 
Principle,” the subject of his paper whic 
was presented at the ARS National Con 
vention in Atlantic City, N. J. 

Mr. Reinhardt discussed the principles 
governing schemes of propulsion by ex- 
tremely high energy particles, and the 
engineering problems that are encountered 
in their application. He pointed out the 
practical possibility of using a working 
fluid which receives its energy from an- 
other power source such as a nuclear re- 
actor, and compared various working 
fluids, 


New ARS Groups Under 
Way 


Northeastern New York Section. In 
Schenectady, N. Y., a group has been 
working on the establishment of the 
Northeastern New York Section and has 
already prepared the first draft of its 
By-Laws. One of the initial activities was 
the formation of biweekly classes in rocket 
techniques. These classes, under the in- 
struction of General Electric Company 
engineers, are expected to attract many 
new members and to contribute toward 
making the Section a well-established and 
active one. 

At a meeting on February 12, 1952, 
Kurt Berman and Stanley E. Logan, Gen- 
eral Electric Company, presented their 
paper, “Combustion Studies with a Rocket 
Motor Having a Full-Length Observation 
Window,” accompanied by a moving pic- 
ture showing the development of the V-2 
rocket. (See pages 78-85 in this issue 
for the paper printed in full.) 

Washington-Baltimore Section. The first 
membership meeting of this newly formed 
Section will take place on March 21, 1952, 
at the U. S. Dept. of Commerce Audi- 
torium, Washington, D.C. Wernher von 
Braun, technical director, Guided Missile 
Development Group, Redstone Arsenal, 
Ala., will address the members, and a panel 
of experts will be led by Milton Rosen of 
the Naval Research Laboratory. A full 
report of this meeting is to be given in the 
May-June issue of the JouRNAL. 

Plans to develop this Section into a well- 
organized technical and scientific group 
are well under way. Technical sessions 
and general meetings have already been 
scheduled to include such speakers as 
Fritz Zwicky, Theodore von K4rméan, 
and Secretary of the Navy, Dan A. 
Kimball. 


ARS HONORARY CHARTER MEMBERSHIP 


(Left to right): Dr. Wernher von Braun, 
Dr. R. W. Porter, and Col. C. C. Hudson, 
commanding officer at Redstone Arsenal, who 
is receiving an honorary charter membership 
in the ARS at the organizational meeting of 
the Redstone Section on January 24. 


Redstone Section. The beginning ef a 
membership drive to organize the Red- 
stone Section opened auspiciously on 
January 24, 1952, at the Russel Erskine 
Hotel, Huntsville, Ala. Over 200 Red- 
stone Arsenal scientists and technicians 
attended the Dinner Meeting with the 
purpose of making the new Section a pilot 
chapter for other ARS organizations in 
that part of the country. The chairman 
for the evening was H. L. Thackwell, Jr., 
president of the Section. 

After the dinner an overflow of inter- 
ested persons resulted in an attendance of 
over 400 at the organizational meeting 
which followed. Aiming at a goal of 500 
membership, the acting officers had ar- 
ranged a special program for the evening. 

Colonel Carroll C. Hudson, command- 
ing officer at Redstone Arsenal, was pre- 
sented with an honorary charter member- 
ship in the American Rocket Society. 
This membership was given in recognition 
of his interest in the organization and for 
his contributions to the missile field. R. 
W. Porter, member of the ARS National 
Board of Directors, made the presentation. 

The two main speakers for the evening 
were R. W. Porter and Wernher von 
Braun, technical director, Guided Missile 
Development Group at Redstone Ar- 
senal. 

Dr. Porter, who is in charge of the Army 
Guided Missile Project at the General 
Electric Company, gave an over-all pic- 
ture in his talk, “American Experience 
with the V-2,” of the difficulties encoun- 
tered in the experiments with the rocket. 
Dr. yon Braun then followed with an in- 
teresting and detailed comparison of Dr. 
Porter’s experiences with his own in Ger- 
many with the V-2 rocket. 

Col. Hudson concluded the meeting 
with a question-and-answer period setting 
forth the aims of the American Rocket 
Society’s new Section and what it can ac- 
complish for technical personnel at the 
Redstone Arsenal and throughout the 
Southeast territory. 
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Book Reviews 


Tue AvuRORAE, by L, Harang, John Wiley 
& Sons, New York, 1951, x + 166 pp. 


$4.50. 
Reviewed by W. H. PickERING 


California Institute of Technology 


This book, the first of a series to be pub- 
lished by John Wiley & Sons as the “In- 
ternational Astrophysics Series,’ is an in- 
teresting collection of experimental facts 
concerning the aurora and experimental 
methods for the study of aurorae. The 
author, Dr. Harang, is chief scientist at 
the Norwegian Defense Research Estab- 
lishment. He has been active in auroral 
investigations for many years, and, as one 
of the group of Norwegian scientists from 
whom most of our experimental data on 
the aurorae are derived, he is well fitted to 
write on this subject. 

The book contains an excellent descrip- 
tion of the photographic and other tech- 
niques used for studying the appearance, 
spatial location, and spectra of the aurora. 
The results of numerous investigations are 
referred to and briefly summarized. 

The relations between the aurora, mag- 
netic storms, and ionospheric storms are 
presented briefly from the experimental 
point of view. There is little discussion of 
the solar origins of these phenomena. A 
chapter is devoted to the corpuscular the- 
ory of the aurora, Although some dif- 
ficulties with this theory are noted, there 
is no mention of the ultraviolet light theory 
of Hulbert and Maris. 

A minor comment on the translation is 
that the term “energy level’’ of an atom or 
molecule is occasionally rendered ‘energy 
niveau.” 

The references appear to be generally 
adequate, although it is surprising not to 
find Mitra’s recent book, ‘“‘The Upper At- 
mosphere,’ among them, 

Students of the upper atmosphere and 
of terrestial electric and magnetic phenom- 
ena will find this volume a useful addition 
to their bookshelves. Additional volumes 
of this series listed as “in preparation”’ are 
entitled ‘(Comets,” ‘Interstellar Matter,” 


“Astronomical Photometry,” and ‘The 


Earth and the Planets.” 


L’ASTRONAUTIQUE, by Alexandre Ananoff, 
Librairie Artheéme Fayard, 18-20 Rue 
Saint-Gothard, Paris XIV, 1950, 498 
Reviewed by FREDERICK I. ORDWAY 
Reaction Motors, Ine. 


Mr. Ananoff, a hard and enthusiastic 
worker in the field of astronautics, has 
produced an excellent book. It is up to 
date, well organized, and contains more 
than 150 valuable tables, graphs, schemat- 
ics, and illustrations, 

The book logically begins with the dis- 
tant origins of astronautics. Everything 
from ‘badly defined sub- 
stances” and light pressure to antigravita- 


mysterious 


tional material and volcanos projected the 
sarly space ship. After a quick scan of 
these devices one is led immediately into 
the substance of the book. After a survey 
of such topics as the bases of astronautics, 
the role of the planets’ atmospheres, laws 
of gravitation, and escape velocities, the 
reader is introduced to the rocket itself. 

The chapters on the rocket motor, while 
wide in coverage, are weak in detail. All 
types of systems are considered, from pow- 
der rockets to atomic propulsion, but not 
enough attention is given to the actual 
working of the motors. 

Ananoff carefully takes up the German 
wartime and American postwar rocket 
projects. The V-2 is discussed in detail, 
along with the never-completed A-10 in- 
tercontinental rocket, which was supposed 
to travel over 5000 km per hr. In this 
connection Sanger’s and Bredt’s short- 
wing antipodal bomber was introduced. 
This rocket was supposed to “bounce off 
the dense layers of the atmosphere,” simi- 
lar to a stone skipping across a lake. It 
would be catapulted into initial flight, and 
would fly at some 7000 km per hr. 

Of great historical interest is the presen- 
tation of the schemes for satellite vehicles 
or stations by such men as Ziolkowsky (the 
cosmic city), Noordung (a 3-component 
affair including an inhabited wheel, an 


Eprror’s Note: This collection of references is not intended to be comprehensive, but is 


rather a selection of the most significant and stimulating papers which have come to the 


attention of the contributors. 


literature is unavailable because of security restrictions. 


The readers will understand that a considerable body of 


We invite contributions to this 


department of references which have not come to our attention, as well as comment on how 
the department may better serve its function of providing leads to the jet propulsion appli- 


cations of many diverse fields of knowledge. 
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observatory, and machine house), and 
Oberth. More recent satellite vehicle 
plans are also presented. 

The step rockets provide interesting 
material for further chapters. Enormous 
units, having up to five stages and final 
velocities of 8950 meters per sec, are pro- 
posed. Ananoff’s conception of the con- 
fined life aboard the final stage of such a 
rocket makes interesting reading. How 
would the air be replenished? What 
about the CO.? Water vapor? Heat 
control? Light and food? A section on 
la cuisine cosmique answers this last ques- 
tion in a typical French manner, 

Factors concerning piloting and control 
of the space ship, trajectories, free fall, 
routes to the interior and exterior plan- 
ets, plotting position in space, relativity 
and astronautics, effect of acceleration on 
human resistance, space suits, and land- 
ing on the planets are discussed in their 
turn. The author, indicating his anxiety 
over a return to the earth, introduces sev- 
eral methods of braking, including the para- 
chute, braking by atmosphere resistance, 
tangential approaches, and concentric el- 
lipses. 

“L’Astronautique” is one of the few 
good, most nearly complete books in any 
language dealing with rockets and astro- 
nautics, and can be profitably read by the 
technical and nontechnical man alike. It 
is unfortunate there is no English transla- 
tion at the present time. 


L’ASTRONAUTIQUE, by Lionel Laming, 
Presses Universitaires de France, 108, 
Boulevard Saint-Germain, Paris, 1950, 
110 pp. with glossary and bibliography. 
Reviewed by FREpErRIck I. ORpwaAy 

Reaction Motors, Inc. 

This short, nontechnical book introduces 
the reader to astronautics by giving a con- 
cise, easily understood discussion on rock- 
ets and propellants, as well as information 
on the more important missiles developed 
both here and abroad. About two-thirds 
of the book is concerned with such topics 
as atomic energy as applied to rockets, in- 
terplanetary navigation, and the physio- 
logical problems of man under conditions 
of both high acceleration and weightless- 
ness. An interesting table on the animal 
experiments of Rynin is included. Mice, 
rats, rabbits, and other animals were sub- 
jected to speeds of rotation for certain 
lengths of time. Some of the creatures 
perished while others suffered varying 
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losses of co-ordination, M. Laming as- 
serts that some monkeys had undergone a 
centrifugation experimentale of 27 g with- 
out perishing, and adds that “littleness 
favors resistance, since the supporting 
surface diminishes less quickly than the 
weight.” 

A chapter on planetary exploration and 
applications of astronautics completes this 
well-written, handy little book, well de- 
signed to acquaint the reader with the ap- 
proaches of the rising science of astronau- 
tics. 


Books 


Helicopter Analysis, by A. A. Nikolsky, 
John Wiley & Sons, Inc., New York, 1951. 
$7.50. 

Internal Ballistics (A Collective Work), 
Ministry of Supply, Great Britain, H. M. 
Stationery Office, London, 1951. 

An Introduction to Servo-Mechanisms, 
by A. Porter, John Wiley & Sons, Inc., 
New York, 1950. 

Air Transportation Management, by J. 
L. Nicholson, John Wiley & Sons, Inc., 
New York, 1951. $6.50. 


Jet Propulsion Engines 


Method for Calculation of Ramjet Per- 
formance, by J. R. Henry and J. E. Ben- 
nett, NACA Technical Note 2357, June 
1951. 

NACA Seeks Answers to Mach 3.5 
Speeds, by I. Stone, Aviation Week, vol. 55, 
November 12, 1951, pp. 20-28. 

Determination of Ram-Jet Combustion- 
Chamber Temperatures by Means of To- 
tal-Pressure Surveys, by I. I. Pinkel, 
NACA Technical Note 2526, December 
1951. 

A Cheap Power Unit for Light Aircraft. 
III (Ramjet Powered Propeller), by P. 
Kahn and F. Clay, The Aeroplane, vol. 81, 
July 20, 1951, pp. 75-76. 

On the Performance Analysis of the 
Ducted Pulsejet, by G. Rudinger, USN 
& AF Project Squid TM no. CAL-36, Oc- 
tober 1951. 

Summary Report on Valveless Pulsejet 
Investigation, by J. G. Logan, Jr., USN & 
AF Project Squid TM no. CAL-42, Octo- 
ber 1951. 

Adaptation of Jets to Supersonic Air- 
craft Propulsion (in French), by M. Roy, 
Off. Nat. Etud. Rech. Aéro. Note Tech. 1, 
1950, 18 pp. 

Definition and Measurement of Jet En- 
gine Thrust, by B. Jakobsson, J. Roy. 
Aeronaut. Soc., vol. 55, April 1951, pp. 
226-243. 

General Treatment of Compressible 
Flow in Ejectors and Example of Its Ap- 
plication to Problem of Effect of Ejector 
Addition on Thrust of Jet Propulsion 
Units, by H. H. Ellerbrock, NACA Re- 
search Memo L.6L23, June 1947, 72 pp. 

High-Speed Aerodynamic Problems of 
Turbojet Installations, by H. Luskin and 
H. Klein, Trans. Am. Soc. Mech. Engrs., 
vol. 73, May 1951, pp. 375-384. 

Adiabatic Flame Temperature in Jet 
Motors, by W. S. McEwan and §. Skolnik, 
Indust. Eng. Chem., vol. 43,- December 
1951, pp. 2818-2822. : 
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Rocket Propulsion Engines 


Rocket Realities, by N. S. Currey, 
Canad, Aviation, vol. 24, November 1951, 
p. 20. 

Aircraft Rockets, unsigned, /nteravia, 
vol. VI. pp. 551-553. 

The Long-Range Rocket, by R. P. Havi- 
land, Ordnance, vol. 36, Sept.-Oct. 1951, 
pp. 326-328. 

The Effect of Friction on Surges in Long 
Pipelines, by A. M. Binnie, Amer. J. Mech. 
and Appl. Math., vol. 4, September 1951, 
pp. 331-348. 

Resonant Vibrations in a Water-Filled 
Piping Svstem, by D. B. Calloway, J. 
Acoust. Soc. Am., vol. 23, September 
1951, pp. 550-553. 

A Method of Selecting Rocket Thrust 
for Experimental Supersonic Airplanes, by 
R. W. Byrne, NACA RM no. L6G22, 
August 1946, 11 pp. 

Design of Constant Pressure Combus- 
tion Chambers, by K. Bammert, Forsch- 
ung Gebiete Ingenieurw., vol. B 17, 1951, 
pp. 40-44. 

The Calculation of the Volume of Rocket 
Combustion Chambers, by J. Himpan, 
Aircraft Eng., vol. XXII, July 1950, pp. 
191-193. 

Energy Loading of Combustion Cham- 
bers (in German), by R. H. Reighel, 
Weltraumfahrt, vol. 6, December 1950, pp. 
141-145. 


Heat Transfer and Fluid 
Flow 


The Classification of One-Dimensional 
Flows and the General Shock Problem of a 
Compressible, Viscous, Heat-Conducting 
Fluid, by G. S. S. Ludford, J. Aeronaut. 
Sci., vol. 18, December 1951, pp. 830-835. 

A General Solution for One-Dimensional 
Nonsteady Flow of a Perfect Ges, by W. 
H. Hevbeyvy, USN Ord. Lab. NAVORD 
Rep. 2210, September 1951. 

Der Adiabatenkoeffizient Dissozierender 
Feuergase bei Adiabatisch-Isentropischer 
Entspannung, by Gerhard Klobe, Z. 
angew. Math. Physik, vol. II, September 
15, 1951, pp. 394402. 

On the Stability of Two-Dimensional 
Laminar Jet Flow of Gas, by S. I. Pai, J. 
Aeron. Sci., vol. 18, November 1951, pp. 
731-742. 

Contributions to the Theory of the 
Spreading of a Free Jet Issuing from a 
Nozzle, by W. Szablewski, VACA Tech- 
nical Memo 1311, November 1951. 

Sur le Calcul du Champ Aérodynamique 
des Flammes Stabilisées, by J. Fabri, R. 
Siestrunck, and C. Fouré, Compt. rend., 
vol. 233, November 19, 1951, pp. 1263- 
1265. 

Fluid Flow in Ducts with a Uniformly 
Distributed Leakage, by J. F. Holds- 
worth, F. W. Pritchard, and W. H. Wal- 
ton, Brit. J. Appl. Phys., vol. 2, November 
1951, pp. 321-324. 

Solution of a Flow Problem in Multi- 
Connected Pipes and Channels (in Ger- 
man), by W. Richter, Jng.-Arch., vol. 
19, 1951, pp. 143-153. 

The Mechanics of Drops, by R. R. 
Hughes and E. R. Gilliland, Amer. Inst. 
Chem. Engrs. (PS-AICE/Paper/JPL-1), 
December 1951. 


The Mechanics of Swirl Atomizers, by 
G. I. Taylor, Appl. Mech. Reviews, vol. 3, 
December 1950, p. 413. 


Combustion 


Symposium on Combustion Chemistry 
(28 papers), Indust. Eng. Chem., vol. 43, 
December 1951, pp. 2717-2870. 

The Burning and Structure of Cordite, 
by J. D. Huffington, Trans. Faraday Soc., 
vol. 47, 1951, pp. 864-876. 

Reactions Between Carbon and Oxy- 
gen, by J. R. Arthur, Trans. Faraday Scc., 
vol. 47, 1951, pp. 164-178. 

Flame Propagation: Active Particle 
Diffusion Theory, by D. M. Simon, /ndust. 
Eng. Chem., vol. 48, December 1951, pp. 
2717-2721. 

Combustion in Bunsen Flames, by I. 
R. Caldwell, II. P. Broida, and J. |, 
Dover, Indust. Eng. Chem., vol. 43, Decen- 
ber 1951, pp. 2731-2739. 

A Periodic Chemical Reaction, by M. 
G. Peard and C. F. Cullis, Trans. Faraday 
Soc., vol. 47, June 1951, pp. 616-630. 

Observation of Cool Flames with Ethy!- 
ene, by J. R. Abbott and 8. A. Miller, Na- 
ture, vol. 168, September 15, 1951, pp. 474 
475. 

Burning Velocities: Acetylene and Di- 
deuteroacetylene with Air, by R. Frie:- 
man and E, Burke, /ndust. Eng. Chem., 
vol. 43, December 1951, pp. 2772-2776. 

Burning Velocity Determinations. Part 
VII. The Burning Velocities of Some 
Ethylene + Oxygen + Nitrogen Mixtures, 
by H. S. Pickering and J. W. Linnett, 
Trans. Faraday Soc., vol. 47, October 
1951, pp. 1101-1106. 

Fundamental Flame Velocities of Pure 
Hydrocarbons. III, by O, Levine and 
M. Gerstein, NACA Research Memo 
E51J05, December 1951. 

Variations of the Pressure Limits of 
Flame Propagation with Tube Diameter 
for Propane-Air Mixtures, by F. E. Belles 
and D. M. Simon, NACA Research Memo 
E51J09, December 1951. 

The Thermal Oxidation of Methyla- 
mine, by C. F. Cullis and J. P. Willsher, 
Proc. Roy. Soc. (London), vol. A209, Octo- 
ber 23, 1951, pp. 218-238. 

Vapor Phase Oxidation of Hexanes, by 
Ek. J. Kahler, A. E. Bearse, and G. G. 
Stoner, Indust. Eng. Chem., vol. 43, De- 
cember 1951, pp. 2777-2781. 


Fuels and Propellants 


Calculated Data for the Combustion 
with Liquid Oxygen of Water-Diluted Al- 
cohols and Paraffins in Rocket Motors, by 
I.C. Hutcheon and S. W. Green, Aeron. 
Research Council R & M 2572, 1951. 

Spontaneous Ignition Temperatures: 
Commercial Fluids and Pure Hydrocar- 
bons, by J. L. Jackson, Indust. Eng. Chem., 
vol. 43, December 1951, pp. 2869-2870. 

Three New Ideas for Rocket Fuels, 
unsigned, Aviation Week, vol. 55, Decem- 
ber 17, 1951, pp. 24-30. 

Evaluation of Performance Factors of 
Fuel-Oxidant Mixtures, by S. R. Brink- 
ley, Jr., Indust. Eng. Chem., vol. 48, No- 
vember 1951, pp. 2471-2475. 

Explosive Characteristics of HO, Vapor, 
by C. N. Satterfield, G. M. Kavanagh, and 
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H. Resnick, Indust. Eng. Chem., vol. 438, 
November 1951, pp. 2507-2515. 

Use of Finely Divided Metals in Ex- 
plosives, by D. Hart and W. R. Tomlin- 
son, Metal Progress, vol. 59, 1951, pp. 788- 
792. 

Some Properties of Sodium Borohydride 
Solutions, unsigned, Atomic Energy Com- 
mission Document no. 2914. 


Structural Materials 


Solubility Relationships in Some of the 
Ternary Systems of Refractory Monocar- 
hides, by J. T. Norton, J. Metals, vol. 3, 
October 1951, pp. 923-925. 

Metal Refractory Alloys, by W. G. 
Lidman, Prod. Eng., vol. 22, October 
1951, p. 147. 

Refractory Cermets, by L. J. Cronin, 
Bull. Amer. Ceram. Soc., vol. 30, July 
1951, pp. 234-238. 

Ceramic Metalloid-Metal Bodies, by 

H. Koenig, L. D. Hower, and R. B. 
Sosman, USAF, AMC Technical Report 

0. 6078, July 1950. 

Rigidity Modulus of Some Pure Oxide 
Bodies, by E. Ryshkewitsch, J. Amer. 
Ceram. Soc., vol. 34, October 1951, pp. 
322-326. 

Sandwich Metal Stands Up to Heat, by 
G,. L. Christian, Aviation Week, vol. 55, 
September 17, 1951, pp. 34-36 

A Survey of Creep in Metals, by A. D. 
Schwope and L, R. Jackson, NACA Tech- 
nical Note 2516, November 1951. 

An Automatic Apparatus for Testing 
Refractories Under Tensile and Compress- 
ive Loads at High Temperatures, by J. A. 
Scarlett, J. Amer. Ceram. Soc., vol. 34, 
November 1, 1951, pp. 348-353. 

Limiting High Temperature Creep and 
Rupture Stresses of Sheet Alloys for Jet 
Applications, by G. Guarnieri and J. Sal- 
vaggi, USN & AF Project Squid TM no. 
CAL-39, September 1951. 

Strength of Pure Molybdenum at 1800- 
2400° F., by R. A. Long, Metal Progress, 
vol. 59, September 1951. 

High-Temperature Embrittlement in 
Chromium-Iron Alloys Containing 12- 
16% Chromium, by H. Thielsch, Metallur- 
gia, vol. 44, November 1951, pp. 220-226. 

The Systems Titanium-Molybdenum 
and Titanium-Columbium, by M. Han- 
sen, J. Metals, vol. 3, October 1951, pp. 
881-888. 

Oxidation of Titanium, by M. H. Da- 
vies, J. Metals, vol. 3, October 1951, pp. 
877-880. 


Physical-Chemical Topics 


Calculation of Equilibrium Gas Compo- 
sitions, by F. J. Martin and M. Yachter, 
Indust. Eng. Chem., vol. 43, November 
1951, pp. 2446-2449. 

The Gaseous Species of the Al—Al.O; 
System, by L. Brewer and A, W. Searcy, 
J. Amer, Ceram. Soc., vol. 73, November 
1951, pp. 5308-5314. 

Flammability Limits of Hydrocarbon- 
Air Mixtures at Reduced Pressures, by J. 
T. DiPiazza, M. Gerstein, and R. C. 
Weast, Jndust. Eng. Chem., vol. 43, Decem- 
ber 1951, pp. 2721-2725. 

Lean Flammability Limit and Mini- 
mum Spark Ignition Energy, by J. B. 
Fenn, Indust. Eng. Chem., vol. 43, Decem- 
ber 1951, pp. 2865-2869. 
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A Method for the Measurement of the 
Temperature Distribution in the Inner 
Cone of a Bunsen Flame, by G. Dixon- 
Lewis and M. J. G. Wilson, Trans. Fara- 
day Soc., vol. 47, October 1951, pp. 1106- 
1114. 

Hydrocarbon Flame Spectra, by G. A. 
Hornbeck and R. C. Herman, /ndust. 
Eng. Chem., vol. 43, December 1951, pp. 
2739-2757. 

Vibrational Structure of the Hydrocar- 
bon Flame Bands, by G. M. Murphy and 
L. Schoen, J. Chem. Phys., vol. 19, Septem- 
ber 1951, pp. 1214-1215. 

Rotational Temperatures of OH in 
Methane Air Flame, by H. P. Broida, J. 
Chem. Phys., vol. 19, September 1951, pp. 
1383-1390. 

Preflame Combustion of Hydrocarbons: 
Spectroscopic Studies of Reaction Inter- 
mediates, by J. R. Thomas and H. W. 
Crandall, Indust. Eng. Chem., vol. 48, De- 
cember 1951, pp. 2761-2766. 

Kinetics of Combustion. Relation to 
Emission Flame Spectroscopy, by K. J. 
Laidler and K. EF. Shuler, Jndust. Eng. 
Chem., vol. 43, December 1951, pp. 2758- 
2761. 

Electrical Properties of Flames, by H. 
F. Caleote and R. N. Pease, Indust. Eng. 
Chem., vol. 48, December 1951, pp. 2726- 
2731. 

A Cavity Resonator Method for Elec- 
tron Concentration in Flames, unsigned, 
Nature, vol. 168, October 20, 1951, pp. 
703-704. 

Initiation of Detonation in Gases, by 
G. B. Kistiakowsky, Indust. Eng. Chem., 
vol. 43, December 1951, pp. 2794-2797. 

Gaseous Detonation. I. Initiation of 
Detonation, by A. J. Mooradian and W. 
I. Gordon, J. Chem. Phys., vol. 19, Sep- 
tember 1951, pp. 1166-1172. 


Instrumentation and 
Experimental Techniques 


The Junction Transistor, unsigned, 
Electronics, vol. 24, November 1951, p. 82. 

A Central Data-Recording System for a 
Jet-Propulsion Laboratory, by C. G. 
Hylkema, R. F. Stott, and H. 8. Seifert, 
Elec. Eng., vol. 70, November 1951, pp. 
957-960. 

Central Instrumentation Widens Test- 
ing Scope, by F. Friswold, Prod. Engr., 
vol. 22, August 1951, pp. 168-171. 

A Recording System for Flight Test 
Data, by P. A. Hufton, F. G. R. Cool, and 
P. S. Saunders, Gt. Brit. Aeronautical 
Research Council, Current Paper no. 44, 
December 20, 1951, 13 pp. 

A Multiple-Range Self-Balancing Ther- 
mocouple Potentiometer, by I. Warshaw- 
sky and M. Estrin, VACA Research Memo 
151H30, November 5, 1951. 

Notes on the Multiple Source Schlieren 
System, by R. A. Burton, J. Opt. Soc. 
Amer., vol. 41, November 1951, pp. 858- 
859. 

A High Speed Stereoscopic Schlieren 
System, by J. H. Hett, J. Soc. Motion Pic- 
ture and TV Engs., vol. 56, February 1951. 

A Repetitive Spark Source for Shadow 
and Schlieren Photography, by G. K. 
Adams, J. Sci. Instr., vol. 28, December 
1951, pp. 379-384. 

Vibration Instrumentation, by A. S. 
Bassette, SAE J., vol. 59, November 
1951, pp. 37-39. 


AERODYNAMICS 


Lockheed in . 


California 
offers you a better job | 
in a better place to live — 


Important positions, calling for experience in Wind — 
Tunnel Flutter Modet Construction and Testing — 
Techniques, await Aerodynamics Engineers at 
Lockheed in Southern California. 


The openings have been created by Lockheed’s 
long-range development program. 


The positions command excellent salaries, com- 
mensurate with their importance. 


IN ADDITION LOCKHEED OFFERS: 


Generous Travel Allowances 

Better Working conditions 

Better Future— 
working on planes for defense, planes for 
the world’s airlines. 

Better living conditions— 
just because you will be living in ' 
Southern California 


NOTE TO MEN WITH FAMILIES: 


Housing conditions are excellent in the Los Ange- 
les area. More than 35,000 rental units are avail- 
able; huge tracts for home ownership are under 
construction near Lockheed. The school system is 
as good—from kindergarten to college (there are 
21 junior colleges and major universities in the 
Los Angeles area). 


Write today for illustrated brochure describing life 
and work at Lockheed in Southern California. Handy 
coupon below is for your convenience. 


“Quick-Action Coupon” 


Aerodynamics Engineer Program 
Mr. M. V. Mattson, Employment Manager, Dept R-2 


LOCKHEED 


AIRCRAFT CORPORATION, Burbank, California 


Dear Sir: Please send me your brochure describing 
work and life at Lockheed in Southern California. 


My name 


My occupation 


My address 


My city and state 
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Electronic Timers, by E. A. Demonet ee Ballistics, and Other Classifications 


and L. C. Bower, Jnstruments, vol. 24 
December 1951, pp. 1439-1441. 

Self-Adjusting Timer for Bullet Photog- 
raphy, by Joseph Burlock, Rev. Sci. Instr., 
vol. 22, October 1951, pp. 743-745. 

Atmospheric Pressure Apparatus for 
Studying Ignition Delay, by A. Boodberg 
and I. Cornet, Indust. Eng. Chem., vol. 43, 
December 1951, pp. 2814-2818. 

An Apparatus for Measuring the Rates 
of Some Rapid Reactions, by C. D. Mc- 
Kinney, Jr., and M. Kilpatrick, Rev. Sct. 
Instr., vol. 22, August 1951, pp. 590-597. 

Optical Temperature Measurements of 
Luminous Flames (in German), by G 
Naeser and W. Pepperhoff, Arch. Eisen- 
hiittenw., vol. 22, Jan./Feb. 1951, pp. 9-14. 

The Determination of the Temperature 
of Non-Luminous Flames by Radiation in 
the Near Infrared, by L. Bernath, H. N. 
Powell, A. G. Robison, F. Welty, and K. 
Wohl, USN & USAF Project Squid TR no. 
32 (reprinted from the Conf. of Inst. 
Mech. Engs. and Am. Soc. Mech. Engrs., 
London, September 11-13, 1951). 

A Two-Path Method for Measuring 
Flame Temperatures and Concentrations 
in Low-Pressure Combustion Chambers, 
by S. S. Penner, J. Chem. Phys., vol. 19, 
1951, pp. 272-280. 

An Analysis of an X-Ray Absorption 
Method for Measurement of High Gas 
Temperatures, by R. N. Weltmann and 
P. W. Kuhns, NACA Technical Note 2580, 
December 1951. 

A Photographic Pyrometer, by D. W. 
Male, Rev. Sci. Instr., vol. 22, October 
1951, pp. 769-772. 


Vehicle Development 


USAF’s Missile Test Center, Pt. 1, by 
R. E. Stockwell, Aviation Age, vol. 15, 
November 1951. 

Guided Missile Friction Heating, by R. 
McLarren, Aero Digest, vol. 63, August 
1951, pp. 27-29, 80, 82, 84, 86. 

The Determination of Position and Ve- 
locity on the Earth’s Surface, by C. Fox, 
J. Math. Phys., vol. 30, October 1951, pp. 
146-155. 

The Guided Anti-Aircraft Missile C2 
“‘Wasserfall,” by R. H. Reichel, /nteravia, 
vol. VI, October 1951, pp. 569-574. 

The Importance of Satellite Vehicles in 
Interplanetary Flight, by W. von Braun, 
J. Brit. Interplanetary Soc., vol. 10, No- 
vember 1951, supplement. 

Interplanetary Travel Between Satel- 
lite Orbits, by L. Spitzer, Jr., J. Brit. 
Interplanetary Soc., vol. 10, November 
1951, pp. 249-257. 

Establishing Contact Between Orbiting 
Vehicles, by R. A. Smith, J. Brit. Inter- 
planetary Soc., vol. 10, November 1951, 
pp. 295-299. 

Descent from Satellite Orbits Using 
Aerodynamic Braking, by T. Nonweiler, 
J. Brit. Interplanetary Soc., vol. 10, No- 
vember 1951, pp. 258-274. 

The Artificial Satellite, by L. R. Shep- 
herd, J. Brit. Interplanetary Soc., vol. 10, 
November 1951, pp. 245-248. 

Minimum Satellite Vehicles, by K. W. 
Gatland, A. M. Kunesch, and A. E. Dixon, 
J. Brit. Interplanetary Soc., vol. 10, No- 
vember 1951, pp. 287-294. 


(Meteorology, Astrophysics, etc.) 


Second International Congress on Astro- 
nautics, unsigned, Nature, vol. 168, Octo- 
ber 27, 1951, pp. 733-734. 

On Aerophysics Research, by R. J. 
Seeger, Amer. J. Phys., vol. 19, November 
1951, pp. 459-469. 

Charge Densities in the Ionosphere from 
Radio Doppler Data, by W. W. Berning, 
J. Meteor., vol. 8, June 1951, pp. 175-181. 

The Quantitative Determination ot 
Atmospheric Gases by Infra-red Spectro- 
scopic Methods, by R. M. Goody, Proc. 
Roy. Soc. (London), vol. 25, October 23, 
1951, p. 178. 

Astroballistic Heat Transfer, by R. N. 
Thomas and F, L. Whipple, J. Aeronaut. 
Sci., vol. 18, September 1951, pp. 636-637. 

The Physical Theory of Meteors. II. 
Astroballistic Heat Transfer, by R. N. 
Thomas and F, L. Whipple, Astrophys. J., 
vol. 114, November 1951, pp. 448-465. 

Meteor Hazards to Space-Stations, by 
M. W. Ovenden, J. Brit. Interplanetary 
Soc., vol. 10, November 1951, pp. 275-286. 

Problems of Cosmical Aerodynamics, 
Proceedings of the Symposium on the Mo- 
tion of Gaseous Masses of Cosmical Di- 
mensions Held in Paris, Aug. 16-19, 1949, 
International Union of Theoretical and 
Applied Mechanics and International As- 
tronomical Union, Central Air Documents 
Office (Army-Navy-Air Force), Dayton 2, 
Ohio, 1951, 237 pp., illus., diagrs. 

Life on Mars in View of Physiological 
Principles, by H. Strughold, CADO Tech. 
Data Digest, vol. 16, November 1951. 


SCINTILLA MAGNETO DIVISION” 


BENDIX AVIATION CORPORATION 


SIDNEY, NEW YORK 


Manufacturers of Ignition Systems for Jet, 
Piston Power Plants, Fuel Injection Equipment for Railway, 


Marine and Industrial Diesel Engines, Electrical Connectors, 


Moldings and Special Components. 


Turbine and 
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2961 East Colorado Street 


Pasadena, California 


Designers and Manufacturers of photographic 
and electronic equipment and ordnance de- 
vices including metal parts for aircraft rockets 


and JATO’S. 


TA does what no 


fool can do! hes 


AT LAST! AN OPEN-END RATCHET i = 
WRENCH — the world’s first true 
universal wrench. A patented design 
for connections on tubing, rods, 
piping, conduit, studs, etc. Sixty-four 
socket sizes from %” to 4”. Smallest 
effective ratcheting arc yet — 5° to 
74°. TAC will also do every job 
any ordinary ratchet wrench will do: 
one TAC set replaces literally doz- 
ens of single-purpose hand tools. 


(G4 TUBING APPLIANCE CO. 


~ 7112 South Victoria 10321 Anza Ave. Los Angeles, Calif. 


Marcu-Aprii 1952 


(ymponents for 
automatic 


flight 
controls 


Pressure Transmitters 
‘Precision Potentiometers 
Accelerometers 
Aeroheads 


G. M. GIANNINI & CO., INC., Pasadena 1, California 


CURRAN ENGINEERING CO. 
— 


Manufacturer of 


MECHANICAL COMPONENTS 
from 
METALS, CERAMICS, AND PHENOLICS 


Consultants and Specialists of 
ROCKET IGNITER ASSEMBLIES 
and 
LONGITUDINAL SHAPED CHARGE 
CUTTERS 


: 
Process for 
HIGH TEMPERATURE-HIGH DIELECTRIC 
INSULATING OF METALLIC ASSEMBLIES 


A —— 


Santa Monica Blvd. 
Los Angeles 46 California. 
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CARBORUNDUM 


Special silicon carbide refractories made by The 
Carborundum Company have proved to be the 


best available materials for ceramic linings in un- 


The Carborundum Company 
Refractories Division 


CONTROL INDUSTRIAL SOUND 0} 


4 silenced by 
‘ISC mufflers 


@ In the laboratory, in the test cell, on the - ; 
airfield, hundreds of INDUSTRIAL SOUND | 
CONTROL installations are subduing the 
noise, heat and gas velocities generated dur-_ 
ing testing of the big jets. 

Whatever your noise problem, ISC’s skilled | 
engineering, design, and installation “know 
how” — gained through years of — 
experience — can help you, and is at your © 
instant service. 

We welcome the challenge of the unusual — 
problem. For full information 


WRITE ISC TODAY 


Foreign Licensees: 


Cementation (Muffelite) Limited, London 
Les Travaux Souterrains, Paris 3 


SOUND! 


INDUSTRIAL 


SOUND CONTROL 


Industrial Sound Control, Inc. 


45 Granby Street, Hartford, Conn. 
2119 So. Sepulveda Bivd., Los Angeles, Calif. 


INDUSTRIAL 
1TOYLNOD 


INDUSTRIAL SOUND 


112 . 


qNnos 


Discover the 

greater opportuni- 
ties offered engi- 
neers by the 
greatest diversity of 
projects of any air- 
craft company in the 
East! Write today 
for fact-packed 
brochure. 


SEND FOR ENGINEERING BROCHURE 


THE GLENN L. MARTIN COMPANY 

Personne! Dept. « Section A + Baltimore 3, Md. 

Please send me your brochure describing engineering opportuni- 
ties at Martin. 


City and state. 
Engineering 
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Finishing School for 


The Air Force Missile Test Center, used by all our 
military services as a long-range proving ground, 
stretches thousands of miles from Florida, out 
over the Bahamas, into the South Atlantic. 


pew bomber roars away from its launching 
stand, picks up speed, zooms into the blue. Set- 
ting its course for a far-off target in the ocean, it 
rockets over a chain of tiny islands where men and 
machines check its flight, its behavior, the operation of 
its guidance and control systems. It’s a vital part of our 
air power of the future—aeronautical research and de- 
velopment laying the foundation for continued U. S. 
air supremacy! 


DEVELOPERS AND MANUFACTURERS OF: Navy P5M-1! Marlin 
seaplanes « Air Force B-57A Canberra night intruder bombers « 
Air Force B-61 Matador pilotless bombers * Navy P4M-1 
Mercator patrol planes * Navy KDM-1 Plover target drones « 


Illustration is artist's conception of Air 
Force B-61 Matador pilotiess bomber. 
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GUIDED MISSILES 


Operated by the USAF’s Air Research and Develop- 
ment Command, the Missile Test Center is geared up | 
to test the wide variety of missiles, rockets and pilot- 
less aircraft vital to modern air power. It reached its — 
full stature with the recent completion of down-range © 
observation stations. And the dramatic B-61 pilotless — 
bomber, the Matador, designed and produced by 
Martin as part of its diversified missiles program, was 
the first to use the completed range. THe Gienn L. 


Martin Company, Baltimore 3, Maryland. - 


Builders of Dependable Aircraft Since 1909 


Navy Viking high-altitude research rockets * Air Force XB-51 
developmental tactical bomber ¢ Martin airliners * Guided 
missiles © Electronic fire control & radar systems * LEADERS IN 
Building Air Power to Guard the Peace, Air Transport to Serve It. 
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ROCKET ENGINEERS 


RESEARCH DEVELOPMENT DESIGN « TEST 


ve 


Og! 


A long range program of research 
development in guided missiles 


has created unlimited opportunities 
in all phases of rocket engineering. 


Engineers with advanced degrees are needed for 

- positions in Combustion Research and Physical a 

Chemistry. 

Engineers with or without advanced degrees are 
needed as: 


4 RESEARCH ENGINEERS... for studies in heat 


transfer and Thermodynamics 


DESIGN ENGINEERS... for design phases of 
_ liquid rocket power plants, thrust chambers, 
gas turbine pumps 


FIELD ENGINEERS... for coordination of activi- 
ties at field test sites 


TEST ENGINEERS ... for development and pro- 
duction testing of liquid rocket power 
plants and their components : 


COMPLETE ROCKET TESTING FACILITIES 


Openings also for Design Draftsmen and Technicians 
Send complete resume to: Manager, Engineering Personnel 


BELL 


P. O. BOX 1, BUFFALO 5, NEW YORK 
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GUIDED MISSILES that become 


more accurate as they 


_ close the range on attacking 
“enemy aircraft are being 

_ developed by the Fairchild 
Guided Missiles Division. 


Missile experience dating back 
into World War II has enabled 
Fairchild engineers to design a 


guidance system which ‘‘homes” 
on radar echoes reflected from 
attacking planes and cuts down 
the margin of error the closer | 
the “‘bird”’ gets to its target. 


Already flight-proved in 


Fairchild-built test missiles this 
guidance system is being refined 


and developed further to meet 
the requirements of our Armed 
Services. One of the most 
advanced guidance systems yet 
devised, it is another example of 
Fairchild’s engineering ability, 
combining the practical and 


theoretical to meet the stringent 


technical demands of modern 


military science. 


U 


Fairchild 
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Fa 


ENGINE AND AIRPLANE CORPORATION 


IRCHILD 


FARMINGDALE, N. Y. 


Fairchild Aircraft Division, Hagerstown, Md. 
Engine, Chicago, Ill., Stratos Divisions, Farmingdale, N. Y. 
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indispensable to tomorrow’s key 
Fluorine Compounds are 
most versatile group of 


Vital today in many fields . . . 
developments in chemical processing, 
rapidly gaining a place as Industry's 
basic chemicals. 

Their range of applications is as broad as the chemical in- 
dustry itself .. . from petroleum to propellants . . . from dyes to 
dielectrics. Highly versatile, they open the way to many ad- 
vancements in processes and products. 

Anticipating Industry’s expanding needs for fluorine com- 
pounds, General Chemical has conducted an extensive fluorine 
research program for more than two decades. With its basic 
position in Hydrofluoric Acid and Elemental Fluorine—and in 
the raw materials from which they are made—General is geared 
to produce virtually any fluorine chemical that Industry might 
require. Today, it offers over sixty-five such products. Many 
more are under development as commercial chemicals or as 
custom-made specialties. 

If organic or inorganic fluorine compounds are indicated in 
your present or projected operations, consult with General 
Chemical first. You will find the broad experience of our fluorine 
specialists helpful to you from product inception to full-scale 
production. 


GENERAL CHEMICAL DIVISION 


ALLIED CHEMICAL & DYE CORPORATION 
40 Rector Street, New York 6, N. Y. 
Offices in Principal Cities from Coast to Coast 


BASIC CHEMICALS 


GENERAL CHEMICAL FLUORINE COMPOUNDS* 


ACIDS 


Fluoboric Acid 
Fluosulfonic Acid 
Hydrofluoric Acid 
Hydrofluorie Acid, Anhy. 
Hydrofluoric Acid, Anhy. 
(High purity grade) 


ACID FLUORIDES 

Ammonium Bifluoride 

Potassium Bifluoride 

Potassium Polyacid 
Fluoride 

Sodium Bifluoride 


ALKALI FLUOBORATES 


Ammonium Fluoborate 
Potassium Fluoborate 
Sodium Fluoborate 


ALKALI FLUORIDES 


Ammonium Fluoride 
Potassium Fluoride 
Sodium Fluoride 


DOUBLE FLUORIDES 


Potassium Aluminum Fluoride 
Potassium Chromium Fluoride 
Potassium Ferric Fluoride - 
Potassium Titanium Fluoride 
Potassium Zirconium Fluoride 


METAL FLUORIDES 


Aluminum Fluoride, Crystal 
Antimony Trifluoride 
Antimony Pentafluoride 
Barium Fluoride 

Cadmium Fluoride 
Calcium Fluoride 
Chromium Fluoride 

Cobalt Trifluoride 

Copper Fluoride 

Ferric Fluoride 


Lead Fluoride 

Magnesium Fluoride 
Molybdenum Hexafluoride 
Nickel Fluoride 

Strontium Fluoride 
Titanium Tetrafluoride 
Tungsten Hexafluoride 
Zine Fluoride 

Zirconium Tetrafluoride 


METAL FLUOBORATE 
SOLUTIONS 


Cadmium Fluoborate 
Chromium Fluoborate 
Cobalt Fluoborate 
Copper Fluoborate 
Ferrous Fluoborate 6 
Indium Fluoborate 
Lead Fluoborate 
Nickel Fluoborate 
Silver Fluoborate 
Stannous (Tin) Fluoborate 


NON-METAL FLUORIDES 


Boron Fluoride Gas 

Boron Fluoride—Diethy! Ether 
Complex 

Boron Fluoride—Phenol Complex 

Boron Fluoride—Other Complexes 

Sulfur Hexafluoride 


HALOGEN FLUORIDES 


Bromine Trifluoride 
Chlorine Trifluoride 
lodine Pentafluoride 


ORGANIC FLUORINE 
COMPOUNDS 


Genetron® 100—CHz; ¢ CHF2 
Genetron 101I—CHs3 CCIF2 
Genetron 131—CCl3 CCIF2 
Genetron 150—CH2=CF2 
Genetron 160—CHCI= CF2 
Genetron 170—CClo= CF2 
Genetron 265—CCIF= 


*The products listed include those which are commercially available 
as well as a few presently produced only in experimental quan- 
tities. For further information on any of these, or on other fluorine 
compounds you may require, consult the Gr General Chemical F Product 


Development Department. 
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HIS GUIDED MISSILE may go through some mighty tight turns 
to stay on target... and that means G loads go up, fast. But 
the Greer Accumulator in the circuit will take it. 


New Guided Missiles Count On 
Greer Accumulators to Supply Power 
Actuate Controls and Mechanisms 


High Pressure Sphericals 


High Pressure Pistons i 


High Capacity Reservoirs 


There‘s a Greer guided missile accumulator for almost every 
requirement, or Greer will build to your exact specifications. 


Field Office: 298 Commercial Bldg., Dayton,O. © Thomson Engineering Service, 708 Hemphill St., Fort Worth 4, Tex. © Harold E. Webb, 918 N. Kenilworth Ave., Glendale 2 


Marcu-Aprit 1952 


It's got a target by the tail! 


For Greer Accumulators are designed to operate under the high 
G loads caused by tight maneuvers and high accelerations. 
Their volumetric efficiency is extremely high. They are prac- 
tically impervious to temperature; function under operating 
pressures as high as 6000 psi; can vary in capacity from 2 


cubic inches to 25 gallons. 


Uses for Greer Accumulators in a guided missile are many, 
varied, and important. They actuate Servo controls and mech- 
anisms, function as a source of instantaneous energy. power 
supply for primary and secondary circuits, a pressurized reser- 
voir. pressure-transfer barrier,and eliminate pressure pulsations. 
These compact. lightweight power sources can be designed to 
fit almost any given space. Tkey are unusually flexible in shape, 
capacity and pressure, and can be planned as an integral part 
of the missile itself. 

Developing accumulators for guided missiles is just one interest 
of the Greer Special Products Division. If you are confronted 
with a problem relating to the field of aviation, call Greer en- 
gineers for a consultation. There is no cost, no obligation. 


SPECIAL PRODUCTS DIVISION - GREER HYDRAULICS INC. 
454 Eighteenth Street, Brooklyn 15, New York 
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for positive interception 
of evasive action... 


AT SUPERSONIC 


Mr FIRST IN ROCKET POWER 


REACTION MOTORS INC., ROCKAWAY, NEW JERSEY 


Mart 
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PHYSICISTS AND SENIOR 
RESEARCH ENGINEERS 

POSITIONS NOW OPEN 


WANTED | 


ENGINEERS and 
SCIENTISTS 


Unusual opportunities for outstanding and 
experienced men. 


These top positions involve preliminary and produc- 
tion design in advanced military aircraft and special 
weapons, including guided missiles. 


IMMEDIATE POSITIONS INCLUDE: 


% Electronic project engineers 
% Electronic instrumentation engineers ve ] 
we Rader engineers = Senior Engineers and Physicists having 
% Flight test engineers é 
% Stress engineers 7 7 outstanding academic background and 
3 % Aero- and thermodynamicists alr experience in the field of: 
% Servo-mechanists 
% Power-plant installation designers q 
%& Structural designers @ Microwave Techniques a 
*% Electrical installation designers A. ‘ @ Moving Target Indication 
Weight-control engineers @ Servomechanisms 4 
Excellent location in Southern California. Gener- ( @ Applied Physics q } 
ous allowance for travel expenses. 
Write today for complete information on these essen- q @ Gyroscopic Equipment « \q 
tial, long-term positions. Please include résumé of , —_ 4 
your experience & training. Address inquiry to Di- § @ Optical Equipment a 
rector of Engineering, ( @ Computers 
NORTHROP AIRCRAFT, INC. @ Pulse Techniques 
1041 E. Broadway, Hawthorne (Los Angeles County) Cal. e _— 
§ @ Fire Control tS 
4 
@ Circuit Analysis } 
q 
‘ @ Autopilot Design 
a 
@ Applied Mathematics 
@ Electronic Subminiaturization } 
the laws 
@ Instrument Design 
e . . 
of motion @ Automatic Production Equipment ) 
i n 
ewton’s laws of e Equ 
motion dictate the @ Electronic Design 
basic design features i : 
of instruments that @ Flight Test Instrumentation 7 


measure rapidly varying 
physical phenomena. 
Statham transducers 

are available for the 
measurement of 
acceleration, pressure, 
force and displacement. 
The transducer element, 
converting mechanical 
input to electrical 
output, provides the 
means whereby Statham 
instruments achieve accuracy 
under dynamic and static 
measuring conditions. 


are offered excellent working conditions 
and opportunities for advancement in our 
Aerophysics Laboratory. Salaries are 
commensurate with ability, experience 
and background. Send information as 
to age, education, experience and work 
preference to: 


NORTH AMERICAN AVIATION, INC. 


‘Please write 


the Engineering Aerophysics Laboratories 
Departnredt 
for date. Box No. S-4 


LABORATORIES 


“tes Angeles 64, Calif 12214 South Lakewood Blvd. 


Downey, California 
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High performance, low cost, and relative 


ARTHUR D. LITTLE, Inc. 


Mechanical Division 


30 MEMORIAL DRIVE : CAMBRIDGE, MASS. 


ease of storage and handling make liquid oxygen 
not only the best oxidizer available but guarantee 
it a prominent place among high performance 
oxidizers in the future. 


Liquid oxygen has certain advantages when 
comparing oxidizers: 

1. A potential supply unlimited 

2. Production possible at source 
3. Inexpensive 
4 


. Non-toxic, non-corrosive, smoke-free 
combustion products 


. Easily ignited and smooth burning 


6. Few limitations on component ma- 
terials of construction 


7. Not affected appreciably by ambient 


temperatures 


Arthur D. Little recently designed and con- 
structed an air-transportable plant for the sepa- 
ration of oxygen from air. This plant was designed 
to produce 10 tons of liquid oxygen per day. 


Experience in the technology of producing, 
handling and storing liquefied gases aided the 
Mechanical Division of Arthur D. Little in the design 
of this plant where minimum weight, small size 
and purity of product were the prime objectives. 
The Mechanical Division has further used its experi- 
ence with liquid gases to design and produce the 
ADL Helium Refrigerator which is for the storage 
of liquid gases to reduce evaporation loss to zero. 


Although liquid oxygen is produced in war- 
time chiefly for use as a propellant it may also be 
used for welding operations and breathing aids 
when converted to gas by the ADL Liquid-Oxygen 
Pump. 


Send for catalog R-1, describing these and 
other products and services of the Mechani- 


cal Division 
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